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PREFACE 


To the Second Edition 


In the second edition of this textbook, I have retained in Part I 
substantially the same material that was contained in Part I of the 
first edition. Chapter 2 has been revised to give information on live 
loads that is consistent with the most recent standards. 

Part II, which deals with the design of simple structures, has been 
completely rewritten to provide subject material that is consistent 
with the most recent specifications for designing structures. One new 
chapter, which relates to the design of light-gage steel constmction, has 
been added. 

Data for problems have been added at the end of each chapter to 
aid class instruction. 

I acknowledge with gratitude the able assistance of Dr. Leo M. 
Legatski, who helped with the preparation of problem material. 

James H. Cissbl 

Ann Arbor, Michiuan 

January, 1948 
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PREFACE 


To the First Edition 


In this textbook, I have attempted to collect and arrange in a logical 
order the basic principles and procedures which relate to the stress 
anal.ysis and design of simple structures. The presentation of material 
is based on the assumption that the student has completed the study 
of statics and of strength of materials. Except for the matters of selec- 
tion of material and arrangement, no claim is made for originality since 
data have been obtained from many sources. 

Many courses of study outlined for fields of engineering other than 
civil include a course in structures, and it is for such that this book is 
primarily intended. Usually a limited time is available for such a 
course, and therefore only a bare introduction or outline of elementary 
structural analysis and design is possible. In view of this fact, I have 
attempted to select fundamental, useful, and practical material, such as 
would generally he of value to an engineer in any field. Courses of 
study in civil engineering provide sufficient time allowance for the use 
of more complete and extensive textbooks. 

Through the courtesy of the American Institute of Steel Construc- 
tion, the West Coast Lumberman\s Association, the Timber P]ngineering 
Company, the American Railway Engineering Association, and others, 
many tables of data, diagrams, and other material have been repro- 
duced in this textbook. These data have been used with the object of 
providing a self-contained working book which eliminates the need for 
auxiliary handbooks. I believe, however, that teachers using this book 
should advise students as to the utility and value of such handbooks. 

I gratefully acknowledge the many helpful suggestions of my col- 
leagues at the University of Michigan and in particular those made by 
Professors R. H. Sherlock, G. L. Alt, and L. C. Maugh, each of whom 
read and criticized portions of the manuscript. 

James H. Cissel 

Ann Arbor, Michigan 

February y 
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Part I 


STRESS ANALYSIS 

FOREWORD 

Stress analysis is the determination of the magnitudes and kinds of 
forces which must be resisted by the material used to form a structure. 
For an existing structure, it in\olves a determination of the loads, in- 
cluding the weight of the constriujtion and of the internal forces resulting 
from the action of tliese loads. It is assumed that the structure is capa- 
ble of resisting such internal forces as may be created by the loads and 
that it will therefore maintain itself in a state of equilibrium. The 
accuracy of this assumption must of course ultimately be c;hecked and 
will depend upon the physical properties of the material used in the 
structure. Such final determinations and the resulting conclusions 
which must be drawn from them will, for the purposes of this book, be 
considered as a phase of design and will be discussed in Part II. For 
a proposed structure, the entire stress analysis is hypothetical, and the 
loads, weights of construction, and internal forces are those which would 
exist if the assumed structure is built. 

Stress analysis problems arc therefore generally reduced to an abstract 
form which involvtis only the correct application of mathematics and 
physics. In solving such problems, however, the ultimate purpose of 
the solution should be kept in mind, and needless refinement should be 
avoided. Thus, while a solution producing a value 501,252 pounds for 
the magnitude of force in a given member of a truss might represent a 
fine example of mathematical accuracy, the last three numbers might be 
of no practical significance. The computer should therefore always 
maintain a reasonable sense of proportion and attempt to secure values 
sufficiently precise for the purpose for which they are intended. 
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Chapter 1 

INTRODUCTION— DEFINITIONS 

1 Structures in General 

A structure is an assemblage of elements or parts so arranged and 
connected as to carry loads and otherwise perform the service for which 
the structure is intended. Thus a building structure furnishes protec- 
tion from the elements and supports the loads which develop from its 
occupancy. A bridge is an assembly which carries loads over a stream 
or given space at the established roadway level. 

The elements or units comprising a structure are called beams, slabs, 
columns, girdei*s, etc., each performing a special function. For the pur- 
pose of analysis or design, a given structure is regarded as divided into 
the several primary forms or units which comprise the assemblage, and 
these are then separately studied or designed. 

Various materials are used to form the units or elements of a struc- 
ture, the choice of a given material generally depending on overall econ- 
omy. The most commonly employed materials are timber, iron, steel, 
and concrete, and the structures that will hereafter be discussed will be 
limited to those structures fashioned of such materials. 

2 Beams and Girders 

Members subjected primarily to transverse forces which produce 
flexure or bending are called beams or girders. They may have any con- 
venient shape or cross section and may be made of such material as may 
be suitable for the purpose. The term girder is commonly used to desig- 
nate a beam which supports other beams; this term is also employed to 
designate a beam made up of smaller pieces of material suitably fastened 
together. Thus a plate girder is fashioned out of plates and angles, 
riveted or welded together to form a cross section similar to the capital 
letter I. 

In ordinary building construction, the beams which directly support 
the flooring are usually called joists. The inclined beams which directly 
support a roof surface are called rafters. The beams placed lengthwise 
of a bridge to support the floor directly are usually called stringers and 
the beams which are placed crosswise between main girders or trusses 
and which directly support the stringers are named floor beams. 

2 
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3 Slabs 

A relatively broad flat piece of material with substantial thickness is 
called a slab. In building construction, floors are frequently made by 
supporting slabs of reinforced concrete on steel or reinforced concrete 
beams, and highway bridge floors are usually built in this manner. Such 
slabs are essentially broad flat beams. Steel slabs are sometimes used 
to distribute a heavy concentrated load or reaction over supporting 
areas, and columns are frequently supported on slabs of concrete which 
distribute the load over the foundation soil. 

4 Tension Members 

A member which resists the tendency of applied forces to extend or 
increase its length is called a tension ‘member. The term tie is sometimes 
employed to indicate such a member. Structural steel is the material 



Eyo-Bar Assembly Used in a Suspension Bridge Anchorage. 


most commonly employed for tension members. Although timber per- 
forms satisfactorily in tension, it is difficult to construct fastenings for 
wooden tension members,, and for this reason such members are not as a 
rule as economical as steel. Concrete, unless it is properly reinforced 
with steel bars, is entirely unsuitable because of its brittleness and 
natural inability to satisfactorily resist tension. 

A simple form of metal tension member is a round or square bar with 
threads cut on the ends so that it may be held in place by means of a 
nut. If it is of uniform cross section throughout its length, such a mem- 


4 


INTR0DUCTI0N--DEFINIT10NS 


ber will have its critical section at the root of the threads in the threaded 
portion. For a long member of this type, it is usually economical to 
upset the ends so that the section at the root of the thread will be the 
same as the remainder of the bar. Members of this type frequently 
have clevises or loops forged on the ends and are fastened in the struc- 
ture by means of pins. Such members are usually provided with turn- 
buckles so that their length may be adjusted after they are in place. 

Eye-bars are made from flat steel, bars or plates, by upsetting the 
ends to form enlarged heads through which holes are bored to provide 
for the pins which fasten the eye-bar in the structure. 

Built-up or riveted tension members must be employed for resisting 
large forces and in places where simpler types are unsuitable. 

5 Compression Members — Columns 

Structural members acted upon by forces which tend to diminish their 
length are called compression members or columns. Posts y struts y and 
stanchions are terms also used to indicate members of this type. 

Such members may be made of any suitable material, and the com- 
mon materials such as timber, steel, and reinforced concrete are quite 
satisfactory for this purpose. Cast iron is a material also frequently 
employed for compression members. 

The shape or form of compression mem})ers depends largely upon the 
materials used in their construction, although their position and func- 
tion in the assembly are also of real importance. Wooden columns arc 
most frequently rectangular or square in section. Reinforced-concreto 
columns may be readily made either rectangular, square, or round in 
section. Cast-iron columns are usually in the form of hollow cylinders 
or pipes. Structural steel may be fashioned in various forms by fastening 
together standard shapes, although the most common form is the solid 
rolled member whose cross section, in the general pattern of a block 
letter H, is called a wide-flange section and is designated by the symbol 
W=’. 

^ 6 Trusses 

A truss is a framework composed of tension and compression mem- 
bers fastened to one another only at their ends. In its elemental form 
the members are connected by single frictionless pins so that the forces 
on all the members act in the direction of their lengths. Usually the 
ends of the truss members are riveted or welded to a common connection 
plate called a gusset plate. Such connections may introduce complica- 
tions in the action of the truss due to the resistance to any change in the 
angles between the members, and they must therefore be carefully pro- 
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portioned and arranged so that errors introduced in this way are as 
small as possible. 

In general the membv.is comprising a truss are arranged in the form 
of triangles, and the construction supported is usually fastened to the 
truss at or near the joints of the several triangles thus formed. 

7 Frames 

In common usage a frame is an assembly of beams and columns such 
as comprise the structural skeleton of a building. 

When the (columns, beams, and girders are constructed as a mono- 
lith, such as is the common practice in reinforced concrete construction, 
tile frame is termed a rigid frame. The word rigid here does not mean 
that there is no deflection of the component parts but rather that the 
connections have such rigidity that the action of one part will induce 
action or stress in the adjoining parts. The degree of rigidity of a frame 
will depend upon the character of the connections of the members to 
one another. The analysis or design of a rigid frame is a complicated 
matter and requires a high degree of specialized technical skill. 

A jointed frame is one whose component parts are connected by 
simple fastenings incapable of transmitting bending in one part to an 
adjoining part. In such structures the portions are analyzed as simple 
and separate units. 

8 Connections 

The manner in which a structural unit is supported or connected to 
other units in an assembly plays an important part in the analysis and 
design of structures, particularly for tension members, where the design 
of the member may be controlled by the arrangement of the connection. 
In the determination of load capacity of structures, careful considera- 
tion must be given to the strength of the connections, for this will fre- 
quently limit the loading which may be safely carried by the structure. 

For fastening timber members, nails, screws, and bolts are commonly 
used. Steel members are most frequently fastened by rivets or pins. 
Electric-arc welding is also frequently used for connections of steel mem- 
bers particularly when welding operations can be performed in the shop. 

• 9 Statically Determinate Structures 

A structure is said to be statically determinate externally when the 
external forces can be found by applying the simple laws of statics, 
S// = 0, ST = 0, and SM = 0. For many structures, assumptions 
must be made regarding the nature or position of reactive forces in order 
to reduce the problem to a statically determinate basis. When such 
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assumptions are necessary, they should be made with due regard to the 
magnitude of the errors introduced so that su'*h errors will not produce 
unsafe results. For example, a simple beam whose ends rest upon walls 
which furnish simple bearing resistance is usually regarded as statically 
determinate by assuming that the resultant of the reactive pressure 
furnished by the wall is at the center of the bearing area. Obviously, 
when the beam deflects, as it must under load, the pressures will increase 
toward the inside edge of the support, and the resultant reactive pres- 
sure will actually lie closer to the inside edge of the support than is 
indicated by this assumption. Since the actual span is shorter than that 
assumed, the assumption indicated will not produce an unsafe result. 

10 Statically Indeterminate Structures 

A stiucture is said to be statically indeterminate externally when the 
external forces cannot be established or determined by the simple laws 
of statics. For the analysis of such structures, additional equations 
dealing with the performance of the structure or properties of the ex- 
ternal forces must be derived. Usually such equations arc determined 
by considering the elastic behavior of the structure under loading and 
involve, of course, a thorough understanding of the fundamental princi- 
ples of elasticity. Beams rigidly attached to the supports and beams 
continuous over several supports are examples of statically indeter- 
minate structures. 



Chapter 2 

EXTERNAL FORCES- -LOADS 


11 Definitions 

The external forces which act on a structure are identified as dead 
loadSj live loadSj and reactions. 

The dead loads represent the weight of the materials of which the 
structure is made; they are fixed in amount and location. 





Photograph by Collins Studio, Mt. Pleasant, Michigan. 
Variable Floor I^oad. 

(Note that roof trusses are shaped to accommodate loading.) 

The live loads arise out of the use of the structure and include forces 
of natural origin such as wind pressure, weight of snow, or dynamic effect 
of earthquake shock. Live loads vary in amount and character and 
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may be located in any position on the structure which is consistent with 
the character of the load. 

A distributed load is one which is spread over a considerable portion 
of a structure, such as a layer of sand on a floor. A uniformly distributed 
load is such a one as would be caused by a layer of sand uniform in 
depth. 

A concentrated load is one which is distributed over a very small area 
of contact with the striK^ture. In general, such loads are regarded as 
applied at a point or along a line, but the actual distribution must be 
considered in connection wilh determination of local stresses on sections 
in contact wiih or in the immediate vicinity of such a load. 

Conventional live loadings which simulate the actual loads that 
will use the stiucture are generally used for purposes of design. While 
investigations of the behavior or safety of a structure may be based on 
an actual load, con\'entional or standard loads are also frequently used 
for such studies. The most commonly employed conventional or stand- 
ard load is the unihumly distributed load, and by general usage many 
structures, particularly floor systems, are rated in terms of the uni- 
formly distributed load which they will safely support. For railway 
bridges the corn'entional load consists of a series of concentrated loads 
typical of the axle loads of a locomotive, followed by a uniformly 
distributed load representative of the train load hauled by a loco- 
motive. 

The reactions iivi) the foices induced by the action of the supports in 
preventing or retarding motion of the structure under the action of dead 
and live loads. 

12 Weight of Construction 

The determination of the dead load acting on a given structure is 
essentially a matter of computing the volume of material and applying 
the proper unit weight to the quantities so computed. For a proposed 
construction, allowance for the probable weight must be made. Such 
computations require the exercise of good judgment and experience is a 
useful asset. When a design has been completed, using estimated 
weights, the dead-load allowances should be checked and corrections 
made where such allowances are not in accord with the final results. 
Usually np change is warranted if the assumed dead load is within 
10 per cent of the actual weight. 

Weights of the common materials of construction are given in Table 1.' 

1 All tables appear in the Appendix. 
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13 Weight of Trusses 

Empirical formulae are useful for estimating the probable weight of 
combinations of members forming roof or bridge trusses. Typical of 
such formulae are the following, 

where W = total weight of truss in pounds. 

L = span of truss in feet. 
a = distance between trusses in feet. 

Wood Roof Trusses (Formula proposed by Ricker) * 

aL^ aL^ 

= + 

25 6000 

Steel Roof Trusses (Formula proposed by Fowler) 

W = O.OGaL^ + 0.6aL (for heavy loads) 

W = 0.04aL^ + 0.4aL (for light loads) 

For purposes of stress analysis, the total weight of the truss is usually 
assumed as spread uniformly over the surface which it supports. Thus 
the weight of a roof truss would be represented by a load such as would 
be caused by a uniform layer of snow covering the entire roof surface. 

14 Floor Loads — ^Buildings 

Loads on floors of buildings are generally caused by crowds of people, 
furniture, or merchandise and may be closely approximated by a uni- 
versally distributed load over the floor area. Building ordinances of 
most cities specify the minimum uniform load which shall be used in 
the design of floors intended for various purposes. Typical of such 
requirements are those stipulated by the ‘‘1942 Building Laws of the 
City of New York,’^ which are in part as follows: 

(а) Live Loads for Residences and Sleeping Quarters 

For private dwellings, multiple dwellings, bedroom floors in hotels and club houses, 
private and ward room floors in hospitals, dormitories, and for similar occupancies, 
including corridors, the minimum live load shall be taken as forty pounds per square 
foot uniformly distributed. 

(б) Live Loads for Office Space 

For office floors, including corridors, the minimum live load shall be taken as fifty 
pounds per square foot uniformly distributed. 

(c) Live Loads for Places of Assembly Other Than Theatres and Halls 
For classrooms with fixed seats, including aisles and passageways between seats, 
for churches with fixed seats, for reading rooms, and for classrooms not exceeding 

* Bulletin 16, Illinois Experiment Station. 


( 1 ) 

( 2 ) 

(3) 
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nine hundred square feet of floor area with movable seats, the minimum live load 
uniformly distributed shall be taken as sixty pounds per square foot, provided that 
such movable furniture consists*; in addition to the int^ructor's equipment, of indi- 
vidual seatings with or without attached desks. 

(d) Live Loads for Theatres and Assembly Halls 

For the seating space in theatres and assembly hails with fixed seats, including the 
passageways between scats, except as provided in subdivision e of this section, the 
minimum live load shall be taken as seventy-five pounds per square foot uniformly 
distributed. 

(e) Live Loads for Public Spaces and Congested Areas 

The minimum live load shall be taken as one hundred pounds per square foot, 
uniformly distributed, for corridors unless otherwise provided for in this section, and 
for halls, lobbies, public spaces in hotels and public structures, assembly halls with- 
out fixed seats, theatre stages, cabarets, barrooms, art galleries and museums, for 
the ground floors and basements of all hotels, stores, restaurants, shops and office 
buildings, for skating rinks, grandstands, gymnasiums, dance halls, lodge rooms, 
stairways, fire escapes and exit passageways, and other spaces where groups of people 
are likely to assemble. This requirement shall be inapplicable to such spaces in 
private dwellings, for which the minimum live load shall be taken as in subdivision a 
of this section. 

(/) Live Loads for Industrial or Commercial Occupancies and for Garages 

In designing floors for industrial or commercial purposes and for garagtjs, the live 
load shall be assumed to be th(i maximum caused by the use which the structure or 
part of the structure is to serve. The following loads in pounds per square foot, uni- 
formly distributed, shall be taken as the minimum live loads permissible for the 
occupancies listed, and loads at least equal shall be assumed for uses similar in nature 
to those listed in this section. 

Floors to be used for: 

1. The display and sale of light merchandise; incidental factory work in not 


more than twenty-five percent of the floor area 75 

2. Factory work, wholesale stores, storage, and stack rooms in libraries 120 

3. Stables 75 

4. Garages for private passenger cars only 75 


When there is floor area sufficient for the accommodation of two or more 
cars, the design of floors for such garages shall make provision for a con- 
centrated load of two thousand pounds at any one point. 

5. Garages for all types of vehicles, other than garages exclusively used for 
private passenger cars, and for mixed car usage: 

For floor construction 175 

For beams, columns, and girders 120 

The design of floors for such garages shall also make provision for the 
heaviest concentrated loads to which the floors may be subjected, but in 
all cases these loads shall be assumed to be at least six thousand pounds 
concentrated at any point. 
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Photograph by Colli;ts Studio, Mt. Pleasant, Michigan 
Typical Floor Ix)ad in Sugar Wandioiisc. 


6. Trucking spaces and driveways within the limits of a structure. 

The design of floors for such trucking spaces or driveways sliall also make 
provision for the heaviest concentrated loads to which they may be sul)- 
jected, but in all cases these loads shall be assumed as at least twelve 
thousand pounds concentrated at any point. 

(^) Live Loads for Sidewalks 

The minimum live load for sidewalks shall be assumed to be three hundred pounds 
per square foot uniformly distributed. Driveways over sidt^walks shall be d(\sign(Hl 
for the heaviest concentrated loads to which they may be subjected, but in all cases 
these loads shall be a.ssumed as at least twelve thousand pounds concentrated at any 
point. 

{h) Roof Loads 

Roofs having a rise of three inches or less per foot of horizontal projection shall be 
proportioned for a vertical live load of forty pounds per square foot of horizontal 
projection applied to any or all slopes. With a ris<j of between thr(*o inches and 
twelve inches per foot, inclusive, a vertical live load of thirty pounds on the horizon- 
tal projection shall be assumed. If the rise exceeds twelve inches pvr foot, no vertical 
live load need be assumed, but provision shall Imj made for a wind force of twenty 
pounds per square foot of roof surface acting normal to such surface on one slope at 
a time. 
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( i ) Reduction of Live Loads 

(1) In structures intended for storage purposes all columns, piers, or walls and 
foundations may be designc^t for eighty-five percent ot the full assumed live load. 
In structures intended for other uscjs the assumed live load used in designing all 
columns, piers, or walls and foundations may be as follows: 

one hundred ptTccmt of th(i live load on the roof 
eighty-five percent of the live load on the top fioor 
sev(mty-five percent of the live load on the floor next Ixjlow. 

On each successive^ lower floor, there shall be a corresponding decrease in the per- 
centage, provided that in all easels at least fifty percent of the live load shall be 
assumed. 

(2) Girder nu^mbers, (ixct'pt in roofs and as specified in the following subdivision, 
carrying a designed floor load the equivalent of two hundred square feet or more of 
floor area may be d(*signed for eighty-five percent of the specified live load. 

(3) In designing trusses and girders which support columns and in determining 
the area of footings, the full dead loads plus the live loads may be taken with the 
reductions figured as permitted above. 

16 Roof Loads 

Roofs serve to shelter the interior of a structure from the action of the 
elements, and the character of the loading will depend largely upon the 
degree of exposure and general climatic conditions at the given location. 
In addition to resisting natural forces, roofs sometimes support interior 
construction such as suspended balconies, and may carry shafting, 
hoists, or other ecfuipment. 

The weight of snow which may accumulate on the roof surface will 
depend upon the climatic conditions prevailing at the site of the struc- 
ture. Data ^ published by the American Standards Association, based 
upon studies of United States Weather Bureau records, show probable 
snow loads in various sections of the United States which vary from 
2.5 pounds per square foot in the Southern portion to 40 pounds per 
square foot in northern and mountainous sections. In particular local- 
ities, such as the high Sierras in northern California, values as great as 
363 pounds per square foot are recorded. Unfortunately for the pur- 
pose of establishing probable snow loads, the records show only the 
total annual cumulative snow fall. For example, in a locality where 
twelve snow falls, each of 1-inch depth, might occur, the records would 
show an annual snow fall of 12 inches, and there might actually be no 
accumulation of more than 1-inch depth of snow on any roof surface at 
any given time. In most localities, the maximum depth of snow that 
may accumulate on a flat roof surface will seldom be more than the 
maximum total snow fall in a month’s period of time. 

* ^^Minimuni Design Loads in Buildings and Other Structures,** American Stand- 
ards Association, 70 East 45th Street, New York, June 19, 1945. 
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The weight of snow varies from about 5 pounds per cubic foot for 
freshly fallen dry snow to about 10 for packed snow. The weather 
bureau estimates that a depth of 6.5 inches corresponds to 1 inch of 
water, and this assumption produces a snow weight of 9.6 pounds per 
cubic foot. 

Some localities are subject to sleet storms which may cause ice accumu- 
lation. This will seldom be as great as f inch in thickness, for which 
thickness the load would be 4 pounds per square foot of roof surface. 



D as Assumed maximum snow accumulation on 
level surface, for locality of structure when 


D = 50" 

a;i = 40 

D = 38.5 

Wi = 30 

iJ = 24 

= 19.2 

/)= 18 

Wi = 14.5 

D=\2 

Wi = 9.6 


Fig. 1 , Snow Loading on Cylindrical Roof Surface. 

The shape of the roof or slopes of plane roof surfaces is a factor in 
establishing roof loading since for steeply pitched surfaces, any sub- 
stantial snow accumulation may slide off and thus relieve the roof of 
such load. It is generally agreed that substantially no snow will accu- 
mulate on a plane roof surface which slopes more than 45 degrees to the 
horizontal. Aerodynamic considerations are also of major importance 
in affecting snow accumulation since air movement across the structure 
may induce negative roof pressures which actually tend to remove the 
snow from the surface. For this reason, it is nearly impossible to pro- 
duce any snow accumulation on a cylindrical roof surface. 

Most building codes specify minimum roof loads based upon the 
horizontal projection of the roof area which are intended to provide for 
snow load and other forms of possible vertical live load. Typical of 
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such requirements are those of the National Board of Fire Underwriters * 
which provide as follows: 

(а) Roofs having a rise of four inches or less per foot of horizontal projection shall 
be designed for a vertical live load of not less than thirty pounds per square foot of 
horizontal projection. 

(б) Roofs having a rise of more than four inches and not more than twelve inches 
per foot of horizontal projection shall be designed for a vertical live load of not less 
than twenty pounds per square foot of horizontal projection. 

(c) Roofs having a rise of more than twelve inches per fool of horizontal projection 
shall be d(‘signed to carry a wind force acting normal to the roof surface, on one slope 
at a time, of twenty j)ounds per square foot of such surface, and no vertical live load 
need be assumed. 

The foregoing provisions are obviously intended for roofs made up 
of plant surfaces. For cylindrical or arch roofs the author recommends 
the modified loading indicated in Fig. 1. It may be observed that 
there arc few localities in the United States where the maximum accumu- 
lation of snow on a level surface will exceed 24 inches. 

Wind loads on roof structures are discussed in Article 18. 

16 Live Loads for Highway Bridges 

Highway bridges must carry loads of a widely divergent nature, such 
as crowds of people, farm animals, wagons, tractors, automobiles, and 
trucks. The modern motor truck with its relatively heavy wheel con- 
centration constitutes a comparatively severe load on the floor system of 
such structures, and such a loading in combination with a uniform load 
distributed over the surrounding floor area represents the probable 
maximum condition that is reasonable to impose on principal supporting 
units such as main girders or trusses. 

The 1944 Specifications of the American Association of State High- 
way Officials specifies that highway live loadings on the roadway of 
bridges or incidental structures shall consist of standard trucks or of 
lane loads which are equivalent to truck trains. Two systems of loading 
are provided, and designated as H loading and H-S loading. 

The H loading consists of a two-axle truck or the corresponding lane 
loading (Fig. 2). In designating this loading, the letter H is followed 
by a number indicating the gross weight in tons of the standard truck 
and by a second number which indicates the year of the specification. 
Thus H20-44 indicates a 20-ton truck under the 1944 A.A.S.H.O. Speci- 
fication. The lane loading in Fig. 2 is shown for a 20-ton truck. Values 
for other truck weights may be obtained by proportion. 

< Building Code Recommended by the National Board of Fire Underwriters, 
National Board of Fire Underwriters, New York, 1943. 



16 


EXTERNAL FORCES— LOADS 


The H-S loadings are illustrated in Fig. 2c and consist of a tractor 
truck with semi-trailer or of the corresponding lane loading. H-S lane 
loading is the same as for H loading indicated above. These loadings 



Concentrated Load 


Uniform Load*Nv T mu i>d. per Lineal root or Lane 


M 64( 


18.000 Lb. for Moment 

26.000 Lb. for Shear 


640 Lb. per Lineal Foot of Lane 




(6) H 20*44 Lane Loading. 



on the first two axles 


0.1 W 


r per ton of total loaded weight 


14 ^ 0 " 


0.41V 


0.41V 


Note: Distance V varies from 14' to 30'. Use that value 
which produces maximum stress. 

(c) Standard H-S truck 

Fig. 2. Stamlard Highway Loading. 


are designated by the letter H followed by a number indicating the gross 
weight in tons of the tractor truck and by the letter S followed by the 
gross weight in tons of the single axle of the semi-trailer. The final 
number indicates the year of the specification. Thus the designation 
H20-S16-44 indicates a 20-ton truck and a 16-ton trailer in accordance 
with the 1944 A.A.S.H.O. Specification. 
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The 1944 specifications state that highway loadings shall be of five 
classes: H20, H15, HIO, H20-S16, and H15-S12. Loadings H15 and 
HIO are 75 and 50 per cent, respectively, of loading H20. Loading 
H15-S12 is 75 per cent of loading H20-S16. For trunk highways, or for 
other highways which carry or may carry heavy truck traffic, the mini- 
mum live load is the H15-S12 loading. 

The lane loadings or standard trucks are assumed to occupy traffic 
lanes, each having a width of 10 feet, corresponding to the standard 
truck clearance width. Within the curb to curb width of the roadway, 
the traffic lanes are assumed to occupy any position which will produce 
the maximum stress but which will not involve overlapping of adjacent 
lanes nor place the center of the lane less than 5 feet from the roadway 
face of the curb. 


17 Live Loads for Railway Bridges 

The live loading carried by railway bridges is naturally quite defi- 
nitely determined in its character by the purpose of the structure. The 
usual standard loading for such structures is two heavy locomotives 
followed by a train of cars, although occasionally it may be necessary to 
consider loads of special or unusual character. The locomotives furnish 
heavy concentrations at points corresponding to the axle spacings, and 
the train load is usually simulated by a moving uniform load. 

Because locomotivc^s vary widely in weight and axle spacing, arbi- 
trary standard artificial loadings are gencirally used instead of actual 
loadings. These arbitrary loadings are designed to give equivalent or 
greater effects than would be produced by actual loadings and have the 
advantage of standardizing the design and analysis of railway structures. 

The system of loads which has received the most general acceptance 
was devised by Theodore Cooper and is known as Cooper's Loading. 
Cooper's E-60 is shown in Fig, 3 where the loads are given in thousands 


^ 8 8 S 8 




1 1 1 1 
8 8 8 8 


§. § § 

8! S 




i 

a 

m 

Bi 


ra 


El 

m 


60001 b 
per lin. ft 


1' iG. 3. Cooper’s E-()0 Loading. 


of pounds on each rail, with axles spaced as shown, and the train load is 
represented by a uniform load. Where a lighter or heavier loading is to 
be used, the loads are all changed in the same proportion, but the axle 
spacing remains constant. Thus for Cooper's E-40 the axle loads and 
uniform train load are four-sixths of those for the E-60 loading. 
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The Specifications (1944) of the American Railway Engineering Asso- 
ciation for design of steel railway bridges with spans not exceeding 
400 feet recommend that the live load on each track be either Cooper^s 
E-72 or two moving concentrated loads of 90,000 pounds each, spaced 
7 feet apart and placed in position for maximum effect, whichever load- 
ing gives maximum stress to be used. 

18 Wind Forces 

For determining the pressure on inclined roof surfaces, many building 
codes use empirical formulae based upon experiments made by Hutton 
in 1787-88 and Duchemin in 1829. These experiments were conducted 
on relatively small plates, and the following formulae were deduced for 
the intensity of pressure normal to the exposed surface. 

Hutton^ s formula : 

Pn = (4) 

DuchemMs formula: 



where pn = pressure normal to surface in pounds per square foot. 

p = pressure on a plane surface normal to direction of wind in 
pounds per square foot. 

a = angle of inclination of surface to direction of wind. 

When these formulae are used, the value of p is obtained from the 
equation 

p — cv^ (6) 

where v == wind velocity in miles per hour. 

c = constant based principally upon the shape and size of the 
exposed surface. This coefficient is commonly assumed as 
equal to 0.0033. 

The observations by Hutton and Duchemin were made upon small 
plates isolated from the building structure to which they would necessar- 
ily be attached in real practice. Tests in modern wind tunnels show 
that the formulae are reasonably accurate for such unattached surfaces 
but that they are grossly in error when applied to roof surfaces ^ attached 
to a building structure. 

The general nature of wind pressure exerted on structures is discussed 
in some detail in Scientific Paper 523 of the U. S. Bureau of Standards, 

• Wind Pressures on Buddings (Second Series), Danmarks NaturvidenskabeliKe 
Samfund, Copenhagen, 1936. 
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‘‘Wind Pressures on Structures/^ from which the following has been 
abstracted: 


The nature of the reaction between the wind and an obstacle to its progress is 
extremely complicated even in the case of a uniform and steady wind. When the 
air is at rest, there is a distribution of pressure over the surface due to the normal 
atmospheric pressure. The effect of the motion of th«i air is a modification of this 
normal pressure, at some points an increase in pressure, at others a decrease in pres- 
sure. The magnitude of these changes is only a small percentage of the normal 
atmospheric pressure, and the words suction or vacuum as commonly used in this 
connection do not imply any large change in density or pressure. The condition 
indicated by these words is merely a dcciea.se of the normal pressure by amounts 
which are usually less than 2 per cent of the normal pressure. 

'^l^he maximum increase in pnissure produced by the wind is equal to where 

P is the density ® of the air and V the wind speed. This pressure is usually termed the 
velocity pressure. 

In aeroi^Ji^Ji^i^'s it is convenient to cxpre.ss all observed pressure differences as 
ratios of the pressure diffenmee to the velocity pre.ssure. Although the maximum 
iiicrea.se in pres.sure at * 10 y point is ecjual to the velocity pressure, pressure decreases 
of greater amount frequc‘iitly occur and average wdnd pressures resulting from the sur- 
face distribution over an object are frequently greater than the velocity pressure. 
The advantage of expressing results in this form is that the ratios or coefficients are 
independent of the units used so long as the units are self-consistent. 


Expressed in this way, the wind pressure normal to any surface is 
given by the following formula: 

Pn = Cq (7) 

where Pn = wind pressure normal to surface in pounds per square foot. 
C = coefficient determined by experiment. 
q — velocity pressure ’ = ^pV^. 

The pressures on the surfaces of a typical mill building, with the wind 
direction making an angle of 90 degrees with the axis of the building, as 
found by Dryden and Hill,® are shown in Fig. 4. The coefficient C to 

weight density 

• p = mass density = ;; — ;; — : . 

acceleration due to gravity 

’ For air weighing 0.07651 lb per cu ft corresponding to 16® C at sea level: 


P 

Q 


0.07651 


0.002378 


32.2 

I X 0.00237872 


2 


0.002558 72 in pounds per square foot 


where 7 « true wind speed in miles per hour. 

* ‘Wind Pressure on a Model of a Mill Building,” Research Paper 301, U. S. Bureau 
of Standards. 
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be used in Equation 7 is given for each of the pressure lines shown in 
this figure. 

The pressure lines in Fig. 5 show that the vertical wall on the wind- 
ward side is the only surface with positive pressure and that all other 
surfaces are subjected to negative prcwssure, or suction. This would not 
be true for a building with a much steeper roof where the windward 
roof surface would also have a positive pressure. Likewise, if the wind 



Fia. 4. Distribution of Pressure over the Model without the Monitor; Wind Normal 

to Face A. 

The preesures are measured from the static pressure as base and are expressed a.s ratios to velocity 
pressure. Minus signs denote that the pressure is lower than the static pressure. 

Reproduced from Research Paper 301, U. S. Department of Commerce. 


direction were rotated through some angle, the distribution of pressures 
would be entirely changed. It is very difficult, therefore, to write code 
specifications which are reasonably simple and yet cover adequately 
all variations of pressure on sloping or rounded roofs attached to 
buildings of various proportions. Such an attempt has been made but 
has not yet been adopted as a code provision.® Figure 5 is a diagram 
by Haven showing uniformly distributed wind pressures on sloping 
roofs. These pressures are based upon the reports of many investigators 
and may be assumed to be safe for any reasonable proportions of build- 
ing and roof slopes. Special consideration should be given to the area 

• Fifth Progress Report of Subcommittee 31, Proc. Am. Soc. C. E.^ March, 1936, 
p. 397. 

A. F. Haven, thesis submitted in partial fulfillment of requirements for master’s 
degree, University of Michigan, June, 1934. 
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numbered 3 in the diagram, since it is subjected to unusual intensities 
of pressure or suction, depending on the slope of the roof. 

The American Standards As«neiation in stan Jarvis sponsored by 
the National Bureau of Standards recommends that buildings and other 



Roof Pitch, a 


Fia. 5. (^ooffi^iont C fur Gable Roofs. 

Thesis by A. F. Haven, University of Michigan, 1934. 

structures be designed to resist the following horizontal pressures for 
wind from any direction: 

Height less than 50 ft 20 Ib/sq ft 
Height 60 to 99 ft 24 Ib/sq ft 

100 to 199 28 Ib/sq ft 

200 to 299 30 Ib/sq ft 

It is also recommended by these standards that all exterior walls be 
designed to resist the above pressures acting either inward or outward. 

“Minimum Design Loads in Buildings and Other Structures,” American Stand- 
ards Association, 70 East 45th Street, New York, June 19, 1945. 
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With respect to roofs, these standards provide that they shall be de- 
signed to resist 1^ times the foregoing pressures acting outward normal 
to the surface, and roofs or sections of roofs with slopes greater than 
30 degrees shall be designed to withstand these pressures acting inward 
normal to the surface. 

For roofs of semi-cylindrical form, tests made under the direction of 
the author show that the maximum pressures should be taken as shown 



V * Wind velocity in miles per hour 
R s Radius of arch rib in feet 
W ss Pressure on roof surface in Ib/sq ft 

Fig. 6. 

in Fig. 6. It will be observed that inward pressure is produced over 
only 48 degrees of the arc on the windward side and that suction is 
induced over the major part of the roof surface. 

19 Dynamic Effect of Live Load — ^Impact 

The effect of live loading upon a structure is generally augmented by 
the dynamic forces induced by motion of the given loading. Should the 
live load be dropped through a distance and brought to rest by the 
resistance of a structure, the energy forces so developed must be added 
to the gravity forces induced by the load. 
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Many factors must be considered in determining the dynamic effects 
which must be taken into account. The nature of the loading, irregu- 
larities of floor surface, inciUa uf the structure, the normal vibration 
period of the structure, and other complex relationships all enter into a 
precise solution of this problem. Because of its complexity, a mathe- 
matical determination of the dynamic effect is seldom attempted, and 
empirical formulae or allowancics are commonly employed. 

The American Railway Kagineering Association J==pecifies the fol- 
lowing allowances to be made in the design of fixed span steel railway 
bridges not exceeding 400 feet in length. These allowances for impact 
are computed as percentages of the scatic live-load effect and are to be 
add('d thereto. 

(a) The rolling efect: V'crtical forw'-: due to the rolling of the train from side to 
side acting downward on one rail and upward on th(^ other, the forces on each rail 
being equal to 10 per e(‘nt of tlu; axle load. 

{b) The direct vertical e ffect: Downward forces, distributed equally to the two rails 
and acting normal to tlu* top of rail plane. 

With steam locomotives (hammer blow, track irregularities, and car 
impact). 


for L less than 100 ft. 

/ = 100 - 0.6/. 

(8) 

for L 100 ft or more. 

18(X) 



I = — — + 10 

(9) 


L - 40 


With electric locomotives (track irregularities and car impact), 

360 

/ = + 12.5 (10) 

L 

where L = length in feet, center to center, of supports for stringers, 
longitudinal girdei*s, and trusses (chords and main members). 
Or 

L = length of floor beams or transverse girders, in feet, for floor 
beams, floor beam hangers, subdiagonals of trusses, trans- 
verse girders, and supports for transverse girders. 

In each case the impact shall not exceed 100 per cent of the static 
live load. 

American Railway Engineering Association Specifications for Steel Railway 
Bridges, 1944. 
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For members receiving load from more than one track, the impact 
percentage shall be applied to the static live load on the number of 
tracks shown below; 


Load received front 
Two tracks: 


For L less than 175 ft: 
For L from 175 to 225 ft: 


For L greater than 225 ft : 
More than two tracks: 


Full impact on two tracks. 

Full impact on one track and a per- 
centage of full impact on the other 
as given by the formula 450 — 2L. 
Full impact on one track and none on 
the other. 


For all values of L; Full impact on any two tracks. 


For highway bridges, the Specifications of the Ameri(^an Association 
of State Highway Officials (1944) give the following allowance: 


I 


= S 


50 

L + 125 


( 11 ) 


where I = impact stress. 

S == stress due to live load considered as a static load. 

L = length in feet of that portion of the span which is loaded to 
produce the maximum stress in the member considered. 


Impact allowances for live loads which occur in buildings are seldom 
made except for crane loads, elevators, and similar loads. 

Loads which move at comparatively high speed and arc forced to 
follow a curved path will induce centrifugal force which must be resisted 
by the structure supporting them. A high railroad trestle supporting 
a curved tack is an example of such a situation. 

The 1944 A.R.E.A. Specifications for steel railway bridges state: 
‘‘On curves, a centrifugal force corresponding to each axle load shall 
be applied horizontally through a point 6 feet above the top of rail 
measured along a line perpendicular to the line joining the tops of the 
rails and equi-distant from them. This force shall equal the percentage 
0.001175^2) of the specified axle load without impact,^^ 


where S = speed in miles per hour. 

2) == degree of curve. 

Tractive forces are those induced by the starting of a live load into 
motion or the rapid deceleration of a load in motion across the structure. 
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The starting of a traveling crane in a mill building would develop such a 
force opposite to the direction of travel and would be the result of friction 
developed between the wheels and the ctane rail; similarly the starting 
or braking of a locomotive on a railway bridge would produce a tractive 
force induced by friction at the top of the rail. The railroad specifica- 
tions previously noted state that the force due to braking shall be 
15 per cent of the live load without impact and that the force due to 
traction shall be 25 per cent of the weight on the driving wheels, without 
impact. These forces are assumed to act 6 feet above the top of the rail 
and parallel thereto. 


20 Earthquake Shock 


Observers have noted that the effect of an earthquake appears to 
consist of a sudden bump or shove immediately followed by a series of 
vibrations which seem to produce a swinging motion. In alluvial soils 
or filled ground there is also a noticeable wave motion. 

In the Japanese earthcjuake of September 1, 1923, the principal vibra- 
tion had a period of 1.35 seconds and a double amplitude of 3.46 inches. 
It has been estimated that in the San Francisco earthquake of 1906 the 
period was about 1 second and the amplitude 2 inches.^^ 

The force developed on a structure by virtue of a sudden displacement 
as caused by an earthquake is a function of the mass of the structure, the 
amount of the displacement, and the change in the velocity (accelera- 
tion) of the movement. It is usually assumed that the motion is simple 
harmonic, from which 




( 12 ) 


where a = maximum acceleration. 

d = maximum deviation from normal position either way, or 
amplitude. 

t = time of one complete oscillation (from zero to maximum posi- 
tive to maximum negative to zero). 


The values of the amplitude and time may be determined from a con- 
sideration of seismic records. It is customary to express the acceleration 
in terms of that due to gravity; hence a stated acceleration of one-tenth 
gravity means that a is taken at a value of 3.22 feet per second per 
second. 

Article by Dewell, Engg. News-Record, April 26, 1928, p. 650. 

Robins Fleming, Wind Stresse^i in Buildhigs, p. 166. John Wiley and Sons, 
1930. 



26 


EXTERNAL FORCES—LOADS 


The magnitude of the force exerted on a structure, due to its sudden 
displacement resulting from earthquake movement, is 


F = 


Wa 


9 


(13) 


where F = 


a = 

g = 
W = 


maximum force applied to the structure due to the earth- 
quake. 

maximum acceleration of earthquake movement, 
acceleration due to gravity = 32.2 ft per sec per sec. 
weight affected (live and dead load). 


It should be noted that the force F is applied at the center of gravity of 
the weight JV, Thus the effect on any horizontal section through a 
structure would be that of a force F applied at the center of gravity of 
all loads above the given section. 

A value for the acceleration equal to one-tenth gravity (3.22) is used 
in Tokyo, where probably more severe shocks have been recorded than 
in any other city on record ; hence this may be reganhd as a reasonably 
high allowance. It should be noted, however, that this magnitude 
applies particularly to rock foundation and that, for structures founded 
in alluvial soils or on filled ground, the acceleration may reach values 
three or four times as great. 

Observations have shown that, although some vertical movement 
may be produced, its magnitude is but a fraction of the lateral move- 
ment and may be safely disregarded. 


* 21 Lateral Pressure 

Structures designed to retain fluids or materials of granular character 
are subjected to pressures induced by the tendency of the material to 
flow laterally. For fluids, the pressure exerted on the sides of the con- 
taining structure equals that induced on a horizontal plane at the same 
depth and is computed by multiplying the weight per cubic foot of the 
material by the depth or head. 

For materials of a granular nature, such as sand, grain, etc., the 
action is more complex owing to the presence of such internal resistance 
to flow as the friction developed by particles sliding or rolling over one 
another and cohesion, which may exist to a greater or less extent between 
particles. In such materials as earth, the cohesive action introduces a 
variable which makes a precise solution impossible. 

The first rational theory for the lateral pressure of granular materials 
was formulated by Coulomb in 1774. According to this theory, a wedge 
of material, bounded on one side by the wall retaining the material and 
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on the other by a plane of rupture, is assumed as tending to slide and 
hence to exert pressure against the wall. The plane of rupture lies be- 
tween that corresponding to the angle of repose of the given material 
and the wall surface. When the surface of the material is horizontal 
and the wall surface vertical, the plane of rupture bisects the angle 
between the plane of repose and the vertical wall surface. For other 
conditions graphical mcithods are generally employed in the deter- 
mination. Once the sliding wedge is determined, various theories are 
employed for computing the pressures exerted on the wall. 

The Rankine theory, which was proposed in 1858, is still conmionly 
used for the solution of problems of lateral pressure. While it is essen- 
tially an analytical method bascid upon the principle of conjugate stresses, 
graphical solutions, using the properties of the ellipse of stress are fre- 
quently employed. The principal elements of this theory are 

1. In any granular, non-cohesive material the relationship between 
principal stresses is 

q 1 sin </> 

i = ^ (14) 

p I + sin (t> 

where p = major principal stress. 
q = minor principal stress. 

</) = angle of internal friction. 


2. The pressure against a vertical plane will be parallel to the upper 
surface of the material retained. The inclination of the surface of the 
material retained must not exceed the angle <t> ^vith the horizontal. 

The pressure of a mass of material whose surface is horizontal, against 
a vertical plane, P^'ig. 7a is d(*termined from Eejuation 14, where p — wh, 
and 



where w = weight per cubic foot of material. 

h = depth of material at point of pressure determination. 


When the surface of the material is inclined at an angle a to the hori- 
zontal (Fig. 76) the intensity of pressure against a vertical plane is given 
by the following formula: 


t = wh cos a 


cos a 
.cos a 


— y/ cos^ a — cos^ 4> 
+ a/cos^ a — cos^ <t> 


( 16 ) 


** Ketchum, The Design of Walls, Bins and Grain Elevators (3rd Ed.), McGraw- 
Hill Book Co. 
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In the case of a fluid it will be observed that, in the absence of internal 
friction, </> = 0, and hence q = wh. Materials in which internal friction 
between particles is present may by this theory be regarded as imperfect 
fluids, the friction serving to reduce the effective weight insofar as lateral 




F'ig. 7. Earth Pressures According to th(^ Rankiiu' Theory. 

pressure is concerned and the pressures determined as if for a fluid weigh- 
ing w' pounds per cubic foot, where 



The value of </> as determined by various investigations varies from 
10 to 50 degrees and depends largely upon the coarseness of the material 
and its moisture content. In any event, the Rankine theory fails to 
make any allowance for cohesion between the particles. For freshly piled 
earth with normal water content, the value of </> is commonly taken as 
30 degrees, and with this value it may be determined by Equation 14 
that when the surface is level the lateral pressure is one-third the vertical 
pressure; in other words, the pressures exerted will be the same as those 
developed by a fluid w hose specific gravity is one-third that of the actual 
earth retained. 

Full-size experiments reported by Feld in 1923 indicated that the 
actual forces may be considerably at variance with those found by apply- 
ing the Rankine theory. These experiments were made with sand against 
a vertical wall, and the following important conclusions were reached: 

1. The resultant pressure is inclined to the wall, deviating from the 
normal by an angle equal to the angle of friction between the fill and the 
wall. 

P]. P. Goodrich, ^T^tcral P]arth Pressures and Related Phenomena,’’ Tram. 
Am. Soc. C. E., Vol. 63, p. 272. 

Tram. Am. Soc. C. E., 1923, p. 1448. 
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2. The resultant acts above the third point and, for a heavy surcharge, 
as high as the 0.4 point. 

3. The horizontal component is given closest by the wedge theory, 
taking as the angle the experimentally determined angle of internal 
resistance of the fill. 


The foregoing theories and principles are based on an unlimited 
extent of material back of the wall and may be regarded as applicable 
only to cases where the plane of rupture as determined by the Coulomb 
theory cuts the upper surface of the fill material. 

For relatively deep bins the magnitude of vertical and lateral pres- 
sures will vary with the characteristics of the material and the character 
of the wall surface. In such situations the arching action Avithin the 
material and the frictional resistance of the material to sliding on the 
wall surface serve to reduce substantially the lateral and vertical pres- 
sures. For grain in relatively high bins, the results given by a formula 
proposed by Janssen have been found by experiment to produce 
reliable results. Janssen^s formula is expressed as follows: 


where w = weight of fill material in pounds per cubic foot. 
V = vertical pressure per square foot at depth h. 

L = lat(u*al pressure per square foot at depth h. 
k = ratio of lateral to vertical pressure. 
u = coefficient of friction of material on bin wall. 

K = hydraulic radius of bin section. 
e = base of Napierian logarithm system = 2.71828. 
h = depth of material to pressure plane. 


area of horizontal section of bin in square feet 
inside perimeter of bin in feet 
kuh 


V = - (1 - C— ) (18) 

ku 

L = kV (19) 

Experiments by Pleissuer in 1905 indicated that fc, the ratio of 
lateral to vertical pressure, varies with the material and the depth but 

^^Vcrsuchc ul)cr Getreidedruck in Silozellen,” Zeiischrift des Vereine^ deutscher 
higenieurCf 1896, p. 1046. 

'^Versuche zur Ermittlung der Bodcn und Seitenwanddrucke in Getreidesilos,” 
Zeitschrift des Vereines deutscher Ingenieurey June 23, 1906, p. 976. 


Let 

Then 
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increases very little after a depth of two and one-half to three times the 
diameter of the bin is reached. The value of k as found by experiment 
varied from about 0.3 to 0.6, depending upon the material and the 
nature of the bin construction. Experiments made by Jamieson in 
1900 on wh^t indicated values of about 0.375 to 0.450 for u. 

PROBLEMS 

2*1 A building floor is supported on Steel I-beams spaced 12 ft apart. The floor 
consists of a reinforced concrete slab covered with a wood finish and supports a sus- 
pended metal lath and plaster ceiling. The concrete slab is 6 in. thick. Th(^ wood 
finish consists of ^in. maple flooring fastened to screeds or nailing strips which are 
embedded in a cinder concrete fill 2 in. thick. Determine the amount of dead floor 
weight which each beam must carry, expressed in pounds per lin(‘ar foot of bt^am. 

2*2 The steel roof truss shown supports roof construction and loads as follows: 

Trusses with a span of 48 ft are spaced 12 ft center to center and are supported 
on side walls of building. 

Roofing — wood shingles. 

Sheathing — yellow pine. 

Joists — 2 in. x 8 in. at 16 in. center to center, y(‘llow pine. 

Purlins — 5-in. x 9-lb channels at panel points. 

Snow load — 20 lb per sq ft of roof surface. 

Wind velocity — 90 mph. 



Estimate the weight of the roof truss and calculate the panel loads for dead load, 
snow load, and wind load. 

2*3 Design Data 

Trusses with a span of 80 ft are spaced 20 ft center to center and are supported 
on side walls of building. 

Channel purlins at panel points. 



“ Engg. News, 1904, p. 236. 
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Roofing — 24-gage corrugated steel spanning between purlins. 

Snow load — 10 lb per sq ft of roof surface. 

Wind velocity — 90 mph. 

Required: (a) P^stimate the weight of truss by formula, and calculate the panel 
loads for dead load and snow load. (6) Assume that the wind pressure on a surface 
normal to the wind = 0.00337^. Using Duchemin’s formula, find the normal pres- 
sure on the roof and the panel concentrations for wind load. 

2*4 A building with the gable roof shown in Problem 2-3 is to be designed for a 
maximum wind velocity of 70 mph. 

(a) The wind pn^ssures on the wind and le(*ward slopes to be used for the design 
of the main structural eh'ments. (6) The wind pressure to be u.sed for the design of 
exterior roof panels and fastenings. 

2*6 A vertical wall is used to retain a lev(‘l fill of granular material which weighs 
90 lb per sq ft and has an angle of internal friction of 45°. According to the Rankine 
theory, what is the lateral pressure against the wall at a point 22 ft below the surface? 
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GRAPHIC STATICS 

22 Graphical Representation of Force 

A force is represented graphically by a portion of a straight line. The 
line represents the position and line of action of the force; its length 
represents its relative magnitude; and an arrow point represents its direc- 
tion of action. 

23 Resolution of a Force 

A force may be resolved into any number of components. The rela- 
tionship between the magnitude and direction of a force and its com- 
ponents may be represented graphically by a force polygon. 

The components must maintain a continuous line of action so that 
they and the original force will form a closed polygon. The components 
may all lie in the line of the force, in which case the force polygon will 
lie entirely on the line representing the force. 

Conversely to the foregoing, the resultant of a system of forces is the 
single force of which the forces in the system are the components. When 
the forces in the system are concurrent, i.e., intersect in a common point, 
the resultant must pass through this point. 

The equilibrant of a system of forces is that force which will neutralize 
or counteract the resultant. It follows, therefore, that the equilibrant 
is a force of the same value as the resultant, has the same line of action, 
but acts in the opposite direction. 

24 Couples 

Two parallel forces of equal values but acting in opposite directions 
constitute a couple. The magnitude of a couple is measured as a moment 
equal to the product of either force and the distance separating the 
forces. 

A couple may be transferred to any other point in the plane of the 
forces without disturbing the equilibrium or value of the system. Thus 
in Fig. 8a assume that the couple Fz shown at (1) is to be transferred to 
any position in the plane at (2) so that one of the forces passes through 
any point a. Continue one of the forces along its line of action to any 
point 6 on the proposed line of action through a. The force polygon 
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heed resolves this force into two components, one having the magnitude 
be — F and the other the magnitude bd. These two components replace 
the original force, which is assumed as removed from the force system. 
Draw line fg parallel to ab and at a distance z from ab. Continue the 
other force F to intersect /g at/ and here resolve it into two components 
fg and fm by means of the polygon fgkm, the component fg having the 
magnitude F, Assume this force F replaced by its components fg and 


d 



( 6 ) 

Fig. 8. 


fvi. The original couple has now been replaced by an equivalent set of 
forces represented in magnitude and position by 6c, 6d, fg^ and/m. By 
construction 

<kfm = <ebd 
<kfb = <ebf 
fm = bd 

Hence, components fm and bd cancel each other, leaving the couple Fz 
with one force of the couple passing through point a. 

Since the forces constituting a couple intersect only at infinity, their 
resultant would be a force passing through infinity but with zero mag- 
nitude. 

A single force or a group of forces can be combined with a couple to 
establish a single resultant. 
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A force may be transferred parallel to itself to any other location in 
the plane of the forces, provided a couple is added to the force system 
whose magnitude is the product of the force and the distance through 
which it is moved. Thus in Fig. 86 the force F at point a is moved 
through the distance z by adding two equal and opposite forces at 6 
acting parallel to F and combining the original force F with one of the 
added forces to form a couple of magnitude Fz, 


26 Resultant of Force System 

A system of co-planar forces is represent in Fig. 9 by Pi, Pz, and 
F4. The resultant of f 1 and F 2 is determined by continuing their lines 






- 

Line of action 
of resultant 




^^Lii 



Fig. 9. 


of action to intersect at a where a force polygon determines their result- 
ant i?i in magnitude and direction. The forces Fi and F2 may now be 
replaced by their resultant Ri. 

Ri is now continued along its line of action to intersect any one of the 
remaining forces, such as F4, at d, where the same process will deter- 
mine a second resultant R2. This force is substituted for Ri and F4 and 
hence replaces forces Fi, F2, and F4 of the original force system. By 
continuing this process, gk is determined as the resultant of the entire 
system. 

26 Force and Equilibrium Polygons 

When the forces comprising a given system have such directions that 
intersections are inconvenient or impossible of determination, as in the 
case of parallel forces, they may be replaced by components so chosen as 
to provide convenient intersections. Two separate diagrams are con- 
structed to furnish the necessary data; one diagram, called the force 
polygoUj determines graphically the magnitude and direction of the 
components of the forces; the other diagram, called the equilibrium 
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polygon {or funicular polygon) j shows the relative position of the several 
forces and determines the lines of action of their components. 

Thus in Fig. 10 the given force system is represented at a by the forces 
^2, ^ 3 } and F4. Force Fi is resolved at b into components aO and 
Ob, chosen of any convenient magnitudes, and these components are 
located to intersect at any convenient point/ on the line of action of Fi. 
Similarly force F2 is resolved into components bO and Oc, force F3 into 
components cO and Od, and force F4 into the components dO and Od, 





Force F2, as shown at a, can be resolved into the selected components 
bO and Oc at any point on its line of action, and the point g which has 
been selected for this purpose is located at the intersection of component 
Ob with force F2. In the same manner point h is at the intersection of Oc 
with Fs, and point k is at the intersection of Od with F4. The entire 
system of forces Fi, F2, F3, and F4 can now be replaced by an equivalent 
system which consists of components aO, Ob, bO, Oc, cO, Od, dO, and 
Oe, and, because of the manner of their selection, the forces of this sys- 
tem will have convenient intersections. The lines of action of these 
component forces will form the equilibrium polygon. Owing to the man- 
ner of selecting their magnitude and location, Ob will cancel bO, Oc will 
cancel cO, and Od will cancel dO, leaving only the two components aO 
and Oe, which must therefore be components of the resultant. By con- 
tinuing aO and Oe to intersect at m, a point on the resultant of the entire 
force system is determined. . 
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It is obviously unnecessary to construct the force polygon (106) so 
that each individual resolution of the several forces into components is 
indicated as shown in the figure. The load line a, 6, c, d, e can be laid off 
as a continuous sequence of lines and the components, such as 06, 60, 
etc., represented by single lines with 0 as a common point or pole. 

The forces Fi, F2, etc., may be laid off in any desired order as in Fig. 
11, but it is necessary that the equilibrium polygon be constructed to 
represent properly the location of component forces thus selected. 



When a force system is in equilibrium both polygons must close. This 
requirement would be fulfilled in Fig. 11 if the resultant is replaced by 
the equilibrant. 

27 Passing an Equilibrium Polygon through Two Points 

The conditions of a problem sometimes require that the equilibrium 
polygon pass through two points of known location. 

Let Fi, F2, and F3 (Fig. 12a) represent any given system of forces 
and points A and B the two known points through which the equilibrium 
polygon must pass. 

At 6, select any convenient pole as O', and construct the correspond- 
ing force and equilibrium polygons to determine the line of action of the 
resultant of the forces. 

At any convenient point on its line of action, resolve the resultant 
into any two components which will pass through the given points A 
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and B, These components of the resultant force, when drawn in the 
force polygon, will intersect and determine a pole 0 which will fulfill the 
given condition. Note that only the forces which pass between the points 
A and B are involved in this problem. 



An infinite number of polygons can be drawn in the foregoing manner 
through any two points. An interesting and useful relationship exists 
between all such polygons in that the poles, infinite in number, will lie 
on a line parallel to the line through the two given points. This is 
proved in Fig. 13 , where Oi and O2 are any two poles chosen in the 
manner previously outlined. 

Draw OiF through poles Oi and O2. By construction Bk is parallel 
to 02a, and kg is parallel to de. 



Assume the resultant ad to be replaced by its components aOi and 
Old acting along the lines fB and /A, respectively. Now if forces d 02 
and 02a, acting through points A and By respectively, are added to the 
force system, the resultant force will be cancelled since these two forces 
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intersect at k on the line of action of the resultant, and their resultant 
da is equal and opposite to the resultant ad. Forces d 02 and Oid acting 
at A have O1O2 as their resultant acting through A ; forces 02a and aOi 
acting at B have as their resultant the force O2O1 acting through B, 



Fia. 14. Cabl(» SuHjK^nsion. 

Since forces O1O2 and O2O1 are equal they will cancel one another when 
they lie in the same line of action, hence AB and Oie must be parallel. 

As an example of a problem which can be solved graphically by aid of 
the foregoing principles, let it be assumed that two weights are suspended 
from a cable which is attached to walls as shown in Fig. 14 a. The cable 
is to be kept at the highest elevation consistent with a tensile force not to 
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exceed 1200 pounds. Determine (a) the position of the cable, (b) the 
length of cable between supports and (c) the stress in all portions of the 
cable. 

The requirements of equilibrium will be met when the rope lies on the 
line of an equilibrium polygon drawn for the given loads and passing 
through the points of attachment at A and D. The force condition will 
be met when no component force in the force polygon has a greater mag- 
nitude than 1200 pounds. 

The acting loads and points of support are located at a in their rela- 
tive positions to any convenient scale. The force polygon is constmeted 
at b with any convenient pole, such as O', and the corresponding equi- 
librium polygon Agk locates point h on the resultant of the loads. Draw 
any two lines, such as Ah and hd, so as to intersect on the resultant and 
pass, respectively, through A and D. At 6, lines a/ and cf are drawn 
parallel, respectively, to Ah and hd and will therefore serve to locate 
point / on the locus of poles. This locus will be parallel to a line through 
supports A and D, since the equilibrium polygon must pass through 
these points. By observation it is apparent that the lower ray in the 
force polygon will be the longest and, since a condition of the problem 
requires this to not exceed 1200 pounds, an arc with radius 1200 pounds 
and center at c is found to intersect the locus at 0, which is the true 
pole for the stated conditions. The true force and equilibrium polygons 
arc next constructed, and the required information relative to distance 
and force is determined by scaling the diagrams. 

28 Passing an Equilibrium Polygon through Three Points 

An equilibrium polygon may be passed through three points, such as 
.4, B, and C, Fig. 15a, by linding first the locus of poles for polygons 
through any two of the three points, and second the locus of poles for 
polygons through either of the first two points selected, and the remain- 
ing point. The intersection of these loci is the pole sought. 

In Fig. 15a, let Fj, F2, F3, and F4 represent any set of given forces 
and A, B, and C the points through which the equilibrium polygon is to 
pass. If any convenient pole Oi (Fig. 156) is selected, the corresponding 
force and equilibrium polygons will locate a point k on the resultant of 
Fi and F 2 . The direction of this resultant is parallel to a line through a 
and c in the force polygon. Any convenient point m is selected on the 
line of this resultant and lines mA and mB determined. In the force 
polygon, af is then drawn parallel to Am and cf parallel to niB^ the inter- 
section determining point /, which must lie on the locus of all poles 
which produce equilibrium polygons passing through points A and B. 
This locus is then drawn through point/, parallel to AB. 
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Similarly the resultant of forces and F 4 will pass through point p, 
and any point n selected on the line of this resultant will determine lines 
nB and nC. At 6 , line eg drawn parallel to nc and eg drawn parallel to 
nc will then locate point g on the locus of poles which produce equilibrium 
polygons passing through points B and C. 



Fig. 15. f^quiiibrium Polygon through Three Points. 


Since the polygon is to pass through all three points, the pole must 
lie on both of these loci, and it therefore coincides with their intersection 
at 0 . 

A practical application of the problem of passing the equilibrium 
polygon through three given points is that of determining the reactions 
of a three-hinged arch. The solution of such a problem is shown in 
Fig. 30. 

29 Distributed Loads 

Distributed loads are handled graphically by dividing them into a 
number of small parts, each such part being then considered as a force. 
Thus the variable loading shown in Fig. 16 is divided into small parts 
whose magnitudes can each be conveniently determined, and these are 
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then assumed to be forces acting at the centers of gravity of the several 
divisions. The resultant of these assumed forces is then determined in 
the usual manner. Theoretically the divisions chosen should be infinites- 
imal in magnitude; practically they must be finite and of such geometric 



Fig. 16 . Graphical Tn‘a(iiu*nt of Distributed I^oad. 


form as will permit easy determination of their magnitudes and centers 
of gravity. As the number of divisions is increased, there is a corre- 
sponding increase in the number of rays in the force polygon and lines 
of force in the eciuilibrium polygon. When the divisions are infinitesimal 
there will be an infinite number of rays and also an infinite number of 
lines of force, and the corresponding equilibrium polygon, which is the 
true and correct polygon for such a loading, will be a curve. The poly- 
gon drawn for any mimher of finite divisions will represent the tangents to 



the true polygon. In the practical application of graphics to a loading of 
this character, it is not necessary to employ more divisions than will pro- 
vide for constructing a smooth inscribed curve such as will closely 
approximate the true polygon. 



42 


GRAPHIC STATICS 


The equilibrium polygon for a uniformly distributed loading is a 
parabolic curve. Some of the convenient properties of this polygon are 
shown in Fig. 17. 

30 Centroids of Areas 

The centroid of an area is determined by the same principles that per- 
tain to the finding of the resultant of a force system. The given area is 
considered as a distributed load acting in any chosen direction. For 
graphical treatment it is then divided into any number of convenient 
parts of simple geometric form. The area of each of these parts is then 



computed and the location of its centroid established. Each area is then 
treated as a force having magnitude equivalent to the measure of the 
area, and all such forces are assumed to constitute a parallel force sys- 
tem. The line of action of the resultant of this assumed force system 
will then pass through the centroid of the area. The determination of 
the centroid requires two such solutions with the area loads assumed to 
act in such directions as will produce a satisfactory intersection of the 
resultants. 

Figure 18 illustrates the graphical determination of the centroid of an 
L-shaped area. 

31 Moment of Inertia 

Graphical methods may be used to obtain the moment of inertia of 
an area. The method developed by Professor Mohr of Aix-la-Chapelle 
is as follows: 

Assume the area shown in Fig. 19 to be subdivided into the elementary 
areas ai, a 2 , etc. These elementary areas are considered as loads, each 
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acting at its own centroid and parallel to the axis FF, with reference to 
which the moment of inertia is to be determined. The force polygon at 
a is then drawn with a pole distance p of any convenient magnitude. 
Note that the pole distance represents an area to the same scale as is used 
to lay off ai, a 2 , etc. The corresponding equilibrium polygon is con- 
structed at b and is represented by the polygon ghkmn. The tangent 
lines representing the equilibrium polygon are produced to intersect the 
axis FF in the points ty p, ry, r, s, and v. 



Fi(i. 19. Moment of Inertia. 


By construction triangles gtp and Oah are similar. Therefore 

tp di oidi 

— = — and tp = 

ai p p 

Hence the product of the intercept tp and the pole distance p gives the 
statical moment of the area ai with respect to the axis FF. 

Similarly 

P X pV = +(12^2 
pX qv = -a^ds 
p X rq = —( 14^4 
p X sr = —a^d^ 

(Counterclockwise moment considered positive.) 

The total statical moment is 

'Sad = p(tp + pv — qv — rq — sr) 
p X st 
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Note that when p = unity, the intercepts on the YY axis measure 
statical moments directly. When p is of any other magnitude these 
intercepts will measure the statical moment to some scale, depending 
upon the value of p. Thus, when 1 inch equals n units of distance in the 
equilibrium polygon, 1 inch of intercept on TF represents a statical 
moment of ?ip in (units of distance)^. 

Considering again the similar triangles gtp and Oa6, we find that 

a(area gtp) = tp X di 

aidi aid'i 

= — - X (/, = -- 

p p 

Similar relationships are evident for the other triangles. 

Hence 

:LcuP 

2(area gtmmkhg) — 

V 

And, since = moment of inertia with respect to YY, it is apparent 
that the moment of inertia is determined by multiplying twice the pole 
distance by the area thus obtained from the equilibrium polygon. 

Another graphical method, developed by Culmann, produces a value 
for the moment of inertia by scaling an intercept on the axis of refer- 
ence. In this method the intercepts ip, pv, vq, gr, etc., are considered as 
loads applied at the centroid of the corresponding area divisions, ai, 02 , 
etc. Thus tp is assumed to replace Oi, pv replaces a2, etc. Force and 
equilibrium polygons are then drawn for this second assumed force 
system, and, by the same process of reasoning used in proving that inter- 
cepts tp, pv, etc., represent statical moments of the area, it can be proved 
that intercepts in this second equilibrium polygon represent moments 
of inertia of the elemental areas. The total intercept on the YY axis 
when multiplied by the product of the two pole distances will therefore 
produce the moment of inertia sought. 

The solution of a practical example by each of these methods is shown 
in Fig. 20. The area is drawn to scale at a and divided into small con- 
venient divisions as shown. These divisions are treated as loads, and 
the force polygon is constructed at b, and the corresponding equilibrium 
polygon is drawn at c. 

By the Culmann method the intercepts on the axis as determined at 
c are considered as loads applied at the centroids of the corresponding 
area divisions. The total intercept ak is use^d as the load line for the 
force polygon represented at d, and the loads, which will be positive on 
one side of the axis and negative on the other, are represented by the 
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several intercepts. The corresponding equilibrium polygon is repre- 
sented in Fig. 20e, and the intercept mn is scaled. The product of this 
intercept (measured to the same scale used in laying out the area) with 



Fig. 20. Momont of Inertia of Channel Section. 


the two pole distances gives the moment of inertia of the section with 
respect to the axis. 

It should be noted that theoretically the divisions of the area should 
be of infinitesimal dimension in a direction normal to the axis. Since 
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practically they must be finite in size, the resulting equilibrium polygons 
will actually represent the tangents to the true polygons. The fact that 
the true polygons are inscribed curv’^es can be utilized in reducing to a 
minimum the number of area divisions employed. 


PROBLEMS 

3*1 Find the center of gravity and the moment of iiwTtia about the horizontal 
axis through the center of gravity, (a) Solve graphically. (State scales used.) (h) 
Solve analytically. 



3 *2 (a) Find position and value of the resultant of the force system Ay By Cy and 

D. Use scale I in. = 20 lb, force polygon and 1 in. - 3 ft, eciuilibrium polygon. 
(b) Check position of the resultant (intersection with line cui) analytically. 


A = 

10# C = 

P = 25# 



a 

45" 

4' 

b 

|c 

5' I 

d 


3 ‘3 Th(j loads are applied at the one-third points of lines AB and BC. Construct 
the equilibrium polygon pa.ssing through points A, By and D. Use scale I in. = 10 ft 
for distanc(^s and 1 in. = 15 lb for forces. 
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3*4 Find the forces acting in members AB and BC. (a) Graphically. (6) Ana> 
lytically. 



3*6 A system of force's is to be held in eejuilibriiim by a rofx* passing through 
points A and By which are 20 ft apart, (a) Determine the length of the suspension 
ordinates a, 6, and a when the tension in the rope at A is 10 lb. (6) Determine stress 



in each part of rope under the conditions of (a), (r) Assuming that it is permissible 

for the rope to take any desired form of suspension, what would be the smallest value 
possible for tension in the rope at /i? I se scales \ in. = 1 ft; 1 in. = 4 lb. 

3*6 (a) Pass an eciuilibrium polygon through points Gy //, and K. (6) Find reac- 

tions in direction and amount, graphically. Use scales 1 in. = 10 ft; 1 in. = 10 lb. 


20 # 
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3*7 The forces shown are acting on a chord which is held at A and passes over 
a pulley at F. Neglect weight of chord, (a) Find the form assumed by the chord 
when IF 25 lb. Give ordinates from line AF, (6) Find the necessary weight W 



to cause the chord to pass through point (7, which is 10 ft below the middle of line 
AF. Use scales 1 in. = 10 ft and 1 in. = 10 lb. 

3-8 Pass an equilibrium polygon through points 3/, and K. 


20 # 


K 



Chapter 4 

REACTIONS— SHEAR— BENDING MOMENT 

32 Character of Reactions 

The supports of a structure may be classed as either (a) simple, 
(b) hiv^ged, or (c) restrairud. These three types are shown diagram- 
matically in Fig. 21. 



Fig. 21. Hoactions. 


A simple support (Fig. 21a) is one which permits rotation in either 
direction but prevents translation in one direction. The reaction is 
therefore a force acting in a line normal to the plane of permitted trans- 
lation. 

A hinged support (Fig. 216) is one which permits rotation in either 
direction but prevents translation in any direction. The reaction must 
pass through the center of the hinge, but it may have any line of action 
through this point. 

A restrained support (Fig. 21c) is one which provides resistance to 
rotation and prevents translation in any direction. The resistance of 
such a support may be regarded as consisting of three component parts: 
a force to prevent translation in any one given direction, a force to pre- 
vent translation in any other direction, and a couple to resist rotation. 
Usually the two forces preventing translation are regarded in the hori- 
zontal and vertical directions, and they are components of the true reac- 
tion, which is the resultant of these components and the resisting couple. 
A support is said to be fixed when it develops a resisting couple which 
prevents rotation of the end of the structure so supported. 

If a set of active forces are assumed to act on a body as shown in Fig. 
22a, the body can be maintained in a state of equilibrium by a force £, 
which is equal in magnitude and opposite in direction to the resultant of 
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the loads. If equilibrium is to be established by the application of two 
or more forces, the force E will be the resultant of such forces. 

If the body rests on two simple supports as indicated in Fig. 226, 
equilibrium is possible only when these supports are capable of developing 



Typical Support Details. 


such resistances as will form the components of the resultant resisting 
force E. The reactions shown are the only ones which can maintain 
equilibrium of the body for two simple supports with bearing planes at 
the given inclinations. Equilibrium is possible with additional simple 
supports in other locations provided that the resultant of the reactive 
forces developed at all supports is the force E. In addition to the fore- 
going requirement for static equilibrium, the supports must have 



(a) (6) (c) 

Fio. 22. 


sufficient strength to develop resistances of the necessary magnitudes 
and directions. 

Should the supports be the hinged type as in Fig. 23, the reactions 
may have any direction through the hinges but must intersect on the 
line of action of the resultant of the loads. Since the static requirements 
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for equilibrium can be fulfilled by an infinite number of pairs of reac- 
tions, such a problem is termed statically indeterminate. For the solu- 
tion of such problems it is necessary to take into account the elastic 
behavior of the structure. 



When the supports are of the fixed or partially fixed type, the problem 
is also statically indeterminate, and neither reaction can be establishetl 
except through a consideration of the elastic behavior of the structure. 

33 Graphical Determination of Reactions 

Figure 24a represents a beam carrying loads Fi, F2, and F3 with a 
hinged support at the right end and a roller bearing inclined at 45 degrees 



to the horizontal at the other end. In accordance with the principles 
and methods outlined in Chapter 3, the reactions may be determined 
graphically as follows: 

Lay off the forces Fi, F 2 , and F3 to scale in the force polygon, Fig. 
246, as aby 6c, and cd, and determine the magnitude and directions of 
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their resultant as ad. Select a pole 0 at any convenient point, and con- 
struct the force and equilibrium polygons in order to locate the resultant 
force. Forces may be extended along their lines of action to any 
convenient location for the equilibrium polygon. Point g locates the 
equilibrant of the forces and is therefore a point on the resultant of the 
reactions. 

Line gf through g parallel to da represents the resultant of the reac- 
tions which must intersect a common point on this line. The line of 
action of i?i is known so that this point of intersection is located by 
producing Ri to intersect line gf at /, and fB gives the direction of /^2- 


Known point 



Fig. 25. Reactions DeUjrmined by Equilibrium and i^’orce Polygons. 

With the direction of the reactions determined, their magnitudes are 
determined by drawing de and ea parallel to fB and Af. 

Figure 25 presents a more direct solution of the same problem and 
the one which must be used when the reactions intersect at a point 
inconveniently located on the drawing. 

In this solution the equilibrium polygon is drawn so that strings Oa 
and Od in the equilibrium polygon will represent components either of 
Ri and R2 or of Fi and F3, respectively. Since only one point on R2 is 
known, it is obvious that Od must be drawn through this point, and the 
remainder of the equilibrium polygon is thus located with respect to 
this limited position of string Od. 

String Oa is extended to intersect the known line of action of Riy and 
a so-called closing line is then drawn from this point to the starting point 
of the equilibrium polygon at B. 

A line Oe is then drawn in the force polygon parallel to the closing 
line, and the reactions will intersect on this line and are readily deter- 
mined from the known direction of Ri. 
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The proof of this construction is as follows: Assume forces F2, 
and F3 replaced by their components aO and 06, 60 and Oc, and cO and 
Od, respectively, the equilibrium polygon locating these components in 
space. Because of the arrangement all of these components will cancel 
except component aO of Fi and Od of F3. Continue aO to intersect /?i, 
and at this point assume Ri resolved into components Oa and eO) com- 
ponent Oa of Ri will cancel component aO of Fi , leaving only the com- 
ponent eO. Continue Od to intersect R 2 , and at this point assume R 2 
resolved into components dO and Oe; component dO of R 2 ^vill cancel 
component Od of F3, leaving component Oe. Since by construction 
components eO of Ri and Oe of R 2 are of the same magnitude and have 
the same line of action, they will cancel, proving equilibrium of the 
beam when acted upon by forces thus determined. 

34 Analytical Determination of Reactions 

Reactions are usually determined by analytical methods. The exter- 
nal forces, loads, couples, and reactions constitute a force system which 
must be in equilibrium if the structure is to remain at rest. The condi- 
tions which must be fulfilled when all the constituent parts of this force 
system lie in the same plane are expressed by the static equations 
ZFj; = 0, XFy = 0, and = 0, where Fj and Fy represent com- 
ponents of the forces in the directions of any convenient pair of coordi- 
nate axes, and M represents either the moment of any force about any 
point in the plane of the force system or the value of any couple included 
in the system. When all the parts of the external force system do not 
lie in the same plane, six equations of condition must be fulfilled, namely 
SF^ = 0, 2Fj, = 0, SF, = 0, = 0, = 0, and llM.y = 0. 

For purposes of analysis and design, most structures can be di\dded into 
parts such that the external force system on any part may be considered 
as lying in a plane. 

At each simple support the arrangement of the construction will estab- 
lish the direction and location of the reactive force, hence there is but 
one unknown left to be determined at each such point. This unknown 
is the magnitude of the reaction. It should be noted that for such a 
structure as a beam resting on a wall the reaction is distributed over the 
area of contact or bearing area. Such a support is usually regarded as of 
the simple type, and the reactive force, which is the resultant of the 
distributed bearing pressures, is considered as acting at the centroid of 
the bearing area. For an exceptionally long bearing area (measured in 
the direction of the span) the distance from the inside edge of the sup- 
port to the reaction is generally arbitrarily assumed to be not greater 
than one-half the depth of the beam. The span length for a simply sup- 
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ported beam is the distance between the reactions. The clear span is 
the distance between the inside faces of the supports. 

At each hinged support the reaction must act through the hinge, and 
there are two unknowns to be determined at each such support. These 
are the magnitude and the direction of the reaction. Since the hori- 
zontal and vertical components of the reactions will completely deter- 
mine these unknowns, they are the values usually computed. A struc- 
ture with two hinged supports is statically indeterminate since there are 
more unknowns than there are equations of static equilibrium. An 
exception is noted for the three-hinged arch, as will be described later. 

For each restrained or fixed support there are three unknowns: the 
horizontal component of the reaction, the vertical component, and the 
couple necessary to restrain or prevent rotation. Hence a structure 
with more than one fixed or restrained support is statically indeter- 
minate. 

As regards reaction determinations, statically determinate structures 
are therefore limited to those supported by (a) two simple supports; 
(6) one simple support and one hinged support ; (c) two hinged supports, 
provided that an intermediate hinge is placed in the structure between 
the supports, as for a three-hinged arch; (d) one fixed support. 

35 Reactions for Fixed Loads 

When the position of the loading has been established, the reactions 
may be determined by solving the equations for static equilibrium. 
The procedure is illustrated in the following examples : 


Example 1 (Fig. 26a) 

Beam simply supported at A and B\ with B as center of moments, write 
SM = 0. 

- (500 X 16) - (120 X 10 X 5) = 0 


From SF = 0 


_ 8000 4- (5000 _ „ 

= 20 ^ 


Ra- 500- (120 X 10) + = 0 

Bb = 500 + 1200 - 700 = 1000 lb 



(a) (6) 

Fio. 26. 
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Example 2 (Fig. 266) 

Beam simply supported at A and hinged at B. 

Resolve 500-lh load into horizontal and vertical components at its intersec- 
tion with line AB'. 


Horizontal component = 500 X 0.7 = 350 lb 
Vertical component = 350 lb 

With B as center of moments, write SM = 0. 

20Ra - (350 X 16) - (120 X 10 X 5) = 0 


From SF = 0, 
From 27/ = 0, 



Rb = V(350)2 + (970)2 = 1030 lb 

Example 8 (Fig. 27) 

Truss simply supported at A, hinged at B, and with loads as shown. Note 
that loads are given in kips,'^ The rasultant load is 30K and will pass through 
point D, where it is resolved into horizontal and vertical components. 



Fig. 27. 


26 X 18 

2M = 0, center at B Ra ^ = 13K 

oo 

2y = 0 Fb « Ba = 13K 

277 = 0 Bb =* 15K 

*The term kip is an abbreviation of kilo-pound and designates one thousand 
pounds of force or load. In structural work loads are commonly expressed in kips a.s 
designated by the symbol K. 
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Example 4 (Fig. 28) 

Beam simply supported at A and B acted upon at vsection B by a clockwise 

couple which has a magnitude of 1000 ft-lb. 

‘°°°'* 2M/, = 0 - 20R.4 + 1000 = 0 

Ra = 50 \h (acting downward) 


20 ' 


4 ^, 


5 


Fig. 28. 


SF. = 0 


Rb = 50 lb (acting upward) 


Example 5 

If the couple shown in Fig. 28 is applied to the beam in Fig. 26a, the reactions 
may be found from the solutions of Examples I and 4, thus 

Ra = 700 — 50 = 650 lb (acting upward) 


Rb = 1000 + 50 = 1050 lb (acting upward) 


Example 6 (Fig. 29) 

Three-hinged arch with loads as shown. Note that although the hinged reac- 
tions at A and B involve four unknowns, the introduction of a hinge at C provides 



an additional conditional requirement for equilibrium, namely that the forces 
and reaction acting on segment AC (or segment BC) must have zero moment 
about C as a center. 

Fi and Fz may be resolved into horizontal and vertical components at their 
intersections with AB, thus 


Horizontal component Fi = 300 X 0.7 

= 210 lb 

Vertical component Fi = 

2101b 

Horizontal component Fg = 

2101b 

Vertical component Fg = 

2101b 
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SAf = 0 (moment center at hinge B) 

ISVa - (210 X 9) - (210 X 9) - (400 X 6) = 0 
Va = 343 lb 



Bending Moment on XX -435x0.9- + 391.5'# 

Fig. 30. Graphical Solution for Three-Hinged Arch. 

SF = 0 

Vji -f 343 - 210 ~ 400 - 210 = 0 
Va = 477 lb 

SAfc ~ 0 (forces on segment AC, hinge C as center) 

- mA + (343 X 9) - (210 X 9) == 0 
II A = 133 11) 
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Sif = 0 (entire structure) 

133 + 210 - 210 - Hb = 0 
Ha = 133 lb 

Ra = \/(343)2 + (133)2 = 368 lb 
Rb = \/(477)2 + (133)‘'> = 495 lb 

The graphical solution of this problem, shown in Fig. 30, involves 
passing an equilibrium polygon through the three points A, B, and C in 
accordance with the procedures given in Article 28. Oa will then 
represent the magnitude and direction of the reaction at A, and dO the 
magnitude and direction of the reaction at B. 

To facilitate computations for a particular type of loading, data may 
be prepared in the form of a so-called moment table, such as is shown 
in Table 2 for Cooper’s E-60 engine loading. The following example 
illustrates the use of this moment table for computing the reactions of a 
simply supported span: 

Example 

Span, 150 ft; axle 7 at a point 100 ft from right support. 

Reading under load 7 in set I, we see that load 1 is 37 ft from load 7 and is 
therefore on the span. Reading under the end of the uniform load in set 7, 
we see that the distance from axle 7 to the beginning of the uniform load is 72 ft, 
and there are, therefore, 28 ft of uniform load on the span. The total moment 
of all loads about the right support will equal the moment of all axle loads about 
the last load (or end of the uniform load), plus the product of the sum of such 
loads and the distance from the last load (or end of the uniform load) to the right 
support, plus the moment of the uniform load about the right support. Thus 

Total wheel loading, loads 1 to 18 inclusive = 426,(KK) lb 
Distance from end of uniform load to right sup- 
port = 28 ft 

Moment of wheel loads 1 to 18 inclusive about 
the end of the uniform load (read under end 
of uniform load set 1) =* 

426,000 X 28 

Moment of uniform load = 3000 X 28 X 14 « 


24.546.000 ft-lb 

11.928.000 
1,176,000 
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36 Reactions Caused by Live Loads 

The live loading applied to a stnicture is commonly of such character 
that it may shift its position, or move from point to point in the span; 
hence it is necessary to place this loading in the position which produces 
maximum effect on the structure. Since the live load may be changed 
in position or even entirely removed, whereas the dead load is fixed, it 
is desirable to determine separately the effect of each loading, assuming 
that each acts independently of the others. The results may then be 
combine<l in accordance with the nature and probability of coincidence 
of the several loadings considered. 

The effect of the position of a load on the reaction can be studied by 
considering a single load of unity moving across the span. Thus in 
Fig. 31 the load F = 1 pound is assumed to move across the span from 



I Resultant»80 



/?^«(10X.2) + (30X.4)+(30X.6) + (10X.8) 
=40 

J?4-80x.5*40 

Fia. 32. Reaction Determined 
from Influence Line. 


B to A. The distance x will thus vary from j- = 0, when the load is 
directly over B, to x = L, when the load is directly over A. For the 
load at any given point between B and A as shown at a, the value of 
Ra = x/L. All the possible values of Ra are given by the graph at b, 
where AB represents the span to scale, and the ordinate represents the 
scale value of Ra when the unit load is at a corresponding point in the 
span. This graph is called an influence line. 

For a load of magnitude F, Ra = Fx/L; hence the reaction equals 
the product of such a load and its corresponding influence line ordinate. 
If several loads occupy the span, Ra = 2(Fx/L); hence the reaction is 
the sum of the products of loads and their corresponding influence line 
ordinates (Fig. 32). Since the ordinates ^n this influence line are each 
proportional to x, the value of Ra for a system of concentrated loads will 
equal the product of the resultant of the loads and the influence line 
ordinate corresponding to such resultant. The maximum value of Ra 
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will therefore be obtained when the resultant of the loads is located as 
near A as possible; thus with the loads in Fig. 32 moved 5 feet to the 
left, Ra = SO X 0.7 = 56. With any further movement to the left, 
Fi will be removed from the span thus creating a new load system whose 
resultant again must be placed as near A as possible. This condition 
will place load F 2 at A and Ra = (30 X 1) + (30 X 0.8) + (10 X 0.6) 
= 60. To determine the maximum possible value of Rai all load posi- 


tions must thus be studied. 

The reaction for a partial uniform loading may be obtained from the 
influence line as in Fig. 33. Thus the reaction at A produced by an ele- 
ment of loading w dx is {xo dx)y, and 
for the entire load 




1# 


A 


B 


- 6J a 

3 

\< 

'Ll .! 


1 > X 

k 

1 


todx-y = w j ydx 


( 20 ) 


Fig. 33. Uniformly Distributed 
Tjoad Applies to Influence Line. 


immediately adjacent to the 
unlimited extent, by loading the entire span 


Hence the reaction is equal to the 
product of the load per unit of span 
length and the area of the portion of 
the influence line diagram that is in 
projection under the uniform load. 
The maximum reaction for such a load 
wovdd be produced by placing the load 
support and, for a uniform load of 


37 Internal Forces 

The internal forces which exist at any point in a structure may be 
determined by dividing the structure into two parts by a cutting section 
at the point to be investigated and estaWishing the complete force 
system necessary to produce equilibrium of either portion. Thus the 
internal forces on a section located 6 feet from A in the beam shown in 
Fig. 266 are determined by cutting the beam at this point and applying 
the equations of static equilibrium to the force system acting on either 
portion as in Fig. 34. Thus for the part on left of section 

Sff = 0 iV = 500 X 0.7 = 350 lb (horizontal) 

2F = 0 F = 580 - (500 X 0.7) = 230 lb (vertical) 

SM = 0 (moment center .at intersection of N and V) 

M = (580 X 6) - (500 X 0.7 X 2) = 2780 ft-lb 
(counterclockwise) 
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Thus the forces N and T, together with the couple M, will combine 
with the loads and reaction on this part of the beam to provide a force 
system in equilibrium. The resultant of the loads and reaction on this 
part of the l)eam is the resultant force on the section. The resultant of 



i?^=580 


Fig. 34. 

iV, r, and the couple M must be eciual and opposite to that for the loads 
and reacitions on this part. Similarly, considering portion on right, 

V// = 0 iV = = 350 lb 

27 = 0 y = (120 X 10) - 970 = 230 lb 

wAf = 0 (moment center at intersection of N' and V) 

M = (970 X 14) - (1200 X 9) = 2780 ft-lb (clockwise) 

For beams, it is the conventional practice to pass the cutting section 
in a direction normal to the axis of the beam and to determine the com- 
ponents N and F, of the resultant force on the section, normal and 
parallel respectively to this section. N is located at the intersection 
of the axis of the beam with the cutting section (through the centroid of 
the effective cross section) and is called the normal thrust. V acts in the 
plane of the sec; t ion and is called the transverse shear or shear. When N 
and V are determined in accordance Avith the above convention, M is 
known as the hending-moment. 

For frames, such as the one represented in Fig. 27, the members are 
assumed to be joined by pins in such a manner that the force in any 
member will coincide with the axis of the member. The forces in such 
members as are cut by the section which divides the structure into parts 
will, together with the loads and reaction on any such part, cohstitute a 
force system in equilibrium. 

38 Shear and Bending-Moment Due to Fixed Loads 

When all the forces on one side of the section are resolved into com- 
ponents parallel and normal to the section, the shear will equal the 
algebraic sum of the components parallel to the section. In a hori- 
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zontal beam it will equal the algebraic sum of the vertical components 
of those loads and the reaction, which are on one side of the section. 

For convenience in identifying the direction of shearing action in a 
horizontal structure, the shear is called positive when the resultant force 

on the left of the section acts upward, 
thus producing the tendency shown 
at Fig. 35a; action in the opposite 
direction is called negative shear 
(a) ib) (Fig. 356). 

Positive Shear. Negative Shear. A shear diagram is the graphical 
Pjq 35 record of the shears which occur simul- 

taneously on all sections of a structure 
(Fig. 36a). Such diagrams are usually plotted on a base normal to the 
direction of the cutting sections (for a beam, the base would be drawn 
parallel to the axis) with positive shear plotted above the base line and 
negative shear below. 

Bending-moment was defined as the algebraic sum of the moments of 
the forces (including N and V) on one side of a section with reference 
to a selected moment center. For beams, the moment center is con- 
veniently chosen at the iiitei’section of the axis of the beam with the 
cutting section; hence the bending-moment will ecjual the algebraic sum 
of the moments of such loads and the reaction, which are on one side of 
the section with respect to this center. For trusses, moment centers 
are located at the truss joints. 

For convenience in identifying the direction of bending-moment 
action, a resultant clockwise rotation of the forces and reaction on the 
left of the section, with respect to the moment center, is called positive. 
Negative bending-moment thus indicates a resultant tendency of the 
loads and reaction to rotate that part of the structure on the left of the 
section in a counterclockwise direction. In a horizontal beam, it will be 
noted that positive bending-moment causes the beam to sag downward 
or to assume a curvature which has its center above the axis of the beam. 
Positive bending-moment will therefore tend to produce tension in the 
bottom fibers of a l>eam, and negative bending-moment will tend to 
produce jjompression in the bottom fibers. 

Simultaneous values of the bending-moments on all sections of a 
structure may be recorded graphically in the form of a bending-moment 
diagram (Fig. 366). 

Values of the maximum bending-moment and form of the bending- 
moment diagram for cases of simple loading on horizontal beams should 
be memorized. Thus for a single concentrated load, the bending-mo- 
ment diagram is a triangle >vith maximum ordinate under the load; the 
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Fig. 36. Shoar and Bonding-Momont Diagrams. 
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maximum bending-moment equals the product of the load with the 
lengths of the two segments into which its position divides the span, 
divided by the span length. For a uniformly distributed load of w lb 
per sq linear ft the bending-moment diagram is a parabola with maxi- 
mum ordinate at the center of the span equal to wL^/S, 

39 Relationship between Shear and Bending Moment 

When a beam is acted upon by a system of loads perpendicular to its 
axis, it can be shown - that the shear is the first derivative of the bending- 
moment (F = dM/dx). Since dM/dx measures the slope of the bending- 
moment curve, it follows that a maximum (or minimum) bending- 
moment will occur at the points where dM/dx = F = 0. Thus sections 
of zero shear identify locations of potential maximum bending-moment. 

Another useful relationship is obtained by integrating the expression 
dM = F dx. Thus if Mi and M 2 represent the values of the bending- 
moments on two sections located at distances ai and aoy respectively, 
from the left support, 

I dM = I Vdx 
JMi Jai 

and M 2 — Ml = area of shear diagram between the two given sections. 
Referring to Fig. 3Ga, we note that the bending-moment at a point 
8 feet from the left support is 5760 foot-pounds; at 4 feet from the 
support the bending-moment is 4800-foot-pounds. The difference is 
960 foot-pounds and equals the area of the shear diagram between these 
two points, or 240 X 4 = 9()0 foot-pounds. 

This relationship may be used to compute the bending-moment at 
any section, since 

M 2 = Ml + (area of shear diagram between sections) 

Thus the bending-motion at the left end of the uniform load is 

Ml = bending-moment at the concentrated load = 4800 ft-lb 

Area of shear diagram between concentrated load and uni- 
form load = 240 X 4 = 960 ft-lb 

M 2 = 4800 + 960 = 5760 ft-lb 

If section 1 is located adjacent to the support, where Mi =0, it will be 
seen that the bending-moment on any other section equals the net area 

* S. Timoslionko, Strength of MateriaU^ Part I, p. 108, D. Van Nostrand Co., 1930. 
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of that portion of the shear diagram which is on either side of such a 
section. Thus for the section 8 feet from the right support 

M = (1200 X 4) + (240 X 4) + (| X 240 X 2.4) ~ (^ X 560 X 5.6) 

4800 + 960 + 288 ~ 1568 + 4480 ft-lb 

It should be noted that, for restrained or fixed beams, Mi must be 
included in the computation of bending-moment. 

40 Superposing Shear or Bending-Moment Values 

It is sometimes convenient to separate the loads on a structure into 
individual units or groups, calculating the value of the shear, bending- 
moment, or other effect separately for each unit or group and finally 
combining these separately determined results to obtain the effect of the 
combined loading. Thus, for the beam shown in Fig. 36, if the concen- 
trated load is considered as acting alone, the bending-rnoment under the 
load is 3200 foot-pounds. For the uniform load acting alone, the 
bending-moment on this same section is 1600 foot-pounds. When these 
loads are applied simultaneously, the bending-moment is the algebraic 
sum of these separately determined values, or 4800 foot-pounds. 

The bending-moment diagram for one portion of the loading may be 
superposed on that for another in such a maimer that the ordinates com- 
bine graphically to show the resultant effect of the combined loading. 
The bending-moment diagram for the foregoing beam is thus con- 
structed as shown at c. The effect produced by reversing the direction 
of the concentrated load which would introduce negative bending- 
moments, to be combined with the positive bending-moment, is as 
shown at d. 

41 Influence Line for Shear 

The shear on a given section produced by live loading may be studied 
by means of influence lines constructed in a similar maimer to those for 
reactions as discussed in Article 36. It is necessary to recognize two 
types of structural conditions: (1) where the loads are applied directly 
to the structure, and (2) where loads are applied to a floor system or 
intermediate construction which is supported by the main structure. 

The influence line for shear (Fig. 376) on any section of a structure 
representing the first type is a combination of the influence lines for the 
reactions at either end of the structure as shown at a. With a unit load 
in the position shown, Ra = I pound, and, since there are no other 
forces acting on the portion of the structure on the left of .rx, this is also 
the value of the shear on this section and is represented by the ordinate 
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in the influence line under the load. The influence line for shear may 
be employed in finding the shear caused by a number of loads or by a 
uniformly distributed load in the same manner as discussed in Article 36. 
Thus in Fig. 37 assume two concentrated loads of 1000 pounds each 
located at 8 feet and 12 feet, respectively, from B, The influence-line 
ordinate under the load nearer the support is + -J pound and under the 



other load pound. The shear is then ecjual to (1000 X + 
(1000 X ^) = +833 pounds. It will readily be seen from the influence 
line that these loads will produce greater shear if moved toward the 
section, since the influence-line ordinates will correspondingly increase. 
The influence line is thus useful in visualizing load positions which pro- 
duce maximum shear. For a uniformly distributed load, since the shear 
equals the intensity of loading (load per unit of span length) multiplied 
by the projected area of the influence line under the load, it will be noted 
that maximum positive shear will occur on section xx when such a load 
extends from B to the section. For a uniform load of 100 pounds per 
foot, the maximum positive shear may then be computed as follows: 

Influence-line ordinate at section = ^ X 1 = f lb 

Area of influence-line diagram under load = J X f X 18 = 

Shear = 100 X = +676 lb 
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The second type of structural arrangement Ls illustrated in Fig. 38. 
In this type, the live loading is applied to an intermediate construction 
or superstructure whose reactions produce loads on the main structure at 
a, 6, c, dj and e. Usually this intermediate construction is an arrange- 
ment of simple beams, and in such a case the reactive forces at these 
panel points are determined in accordance with the principles previously 
outlined for reactions. Thus, any loading applied on the superstructure 
between c and d would produce loads on the main structure only at 
these two points. The reasoning applied to the construction of the 
influence line in Fig. 38 is as follows: For a unit load acting on the super- 
structure at any point between 
c and c, the only force acting 
on that portion of the main 
structure on the left of section 
XX is Ra] therefore, the influ- 
ence line corresponding with 
such load positions will coincide 
with that for Ra- Now if the 
unit load is moved into panel 
bcy starting from c, Ra will in- 
crease as indicated by its influ- 
ence-line ordinates, but a reac- 
tive load will also be created 
at b which must be subtracted 
from Ra to determine the shear on the section at xx. The joint load 
at b varies directly with the position of the unit load in panel be, from a 
value of zero when the unit load is at c to unity when it is placed at b. 
This produces the sloping portion of the influence line between c and b. 
When the unit load arrives at b, the deduction is unity and the influence 
line hence coincides with that for Rb- The zero point is a significant 
feature of this influence line, any load to the right of this point causing 
positive shear and to the left producing negative shear. It may readily 
be located from point c by the following proportion: 

Let X = distance from c to zero point. 

Then by similar triangles 




Fig. 38. Influonw Line for Shear in Girder. 


.r 


f> X i 


3-i = 4ft 

4 


A uniform load will produce maximum positive shear on section xx when 
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it extends from support B to the zero point; it will produce maximum 
negative shear when it extends from support A to the zero point. 


42 Influence Line for Bending-Moment 

The influence line for bending-moment is developed by applying 
principles previously discussed. Thus in Fig. 39 let a unit load act at 
any point on the right of section xx. Since Ra = x/L is the only force 

on the left of xx, the bending- 
moment will ec|ual xa/ 1 j and is 
plotted as an ordinate under the 
given position of the unit load. 
Other positions of the load pro- 
duce ordinates which define that 
portion of the influence line cor- 
responding to segment h of the 
structure. When the unit load 
acts on the left of section xx, 
Rb — L -- x/L and the bending- 
moment equals (L — x)blL, 
From this influence line it is 
readily seen that a load at any 
point causes positive bending- 
moment on any given section; 
that a single concentrated load 
will produce maximum bending- 
moment when placed at the section; and that a uniform load will produce 
maximum positive bending-moment when it extends over the entire span. 



Fig. 39. 


Influence Line 
Moment. 


for Bending 


43 Concentrated Load Systems — Maximum Shear 

When a series of concentrated live loads is applied to a beam, it is 
apparent from a consideration of the shear influence line that to produce 
maximum shear the loads should be spaced as closely as permissible. 
Let a, h, c, etc., represent those minimum distances, and consider the 
condition where loads are applied directly to the structure as in Fig. 40. 
If it is assumed that the loading moves across the structure from right 
to left as at a, the positive shear will increase as the loads move toward 
the left until load 1 arrives at a point immediately to the right of the 
section as at 6. If TTi represents the total load on the structure and 
WiXi the total moment of all loads about the right support, the shear 
on the section is 


Vi = 


L 


( 21 ) 
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Now if the loads are moved further to the left as at c, load 1 will produce 
negative shear, and as the loads move further to the left the negative 
shear caused by load I will diminish while the positive shear caused by 
the remaining loads will increase. If the shear is increased by this shift 
in position of the loading, the movement to the left should be continued 




until load 2 reaches the section, as at rf, when a second determination 
of the shear must be made. With the loading in this position, the shear 
on the section will be 



W,{x, + a) Pef ^ 


W,I, tna ^ 

L L L 


-Pi 


( 22 ) 


Similarly the next position to consider will be that shown at e and 


Fa 


1^2X2 1^26 P^g 

ILL 


-Pi -Pi 


( 23 ) 
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Comparing these values, we see that 


V 2 > Vx when 

IF, a 

L 

F 3 > V 2 when 

’Wib 

L 



> Pi 


>P2 


(24a) 

(24h) 


In accordance with the foregoing procedure the criterion for com- 
paring values of shear produced, by any two positions of the loading, 
is as follows. With the loading assumed to move across the structure 
from right to left, let A refer to any position with a given load Pn at 
the section. Let B refer to a position with any succeeding load at the 
section, 

where Va = value of shear on section with loading in position A . 

Vii = value of shear on section with loading in position B. 

W = sum of all loads on span when loading is in position A 
(include loads over supports). 

^P = sum of all loads, including Pny which cross the section in 
shifting loading from position A to position B. 
c = distance loading moves from right to left in shifting from 
position A to position B. 

Ml = moment about the left support of all loads which run off 
the span in shifting from position A to position B. 

Mr = moment about the right support of all loads which come on 
the span in shifting from position A to position B. 

Then 

[Wc-Ml + Mr1 

Vb > Va, when ^ J > XP (25) 

When the loads are transmitted to the structure through an inter- 
mediate construction (Fig. 41) a more direct procedure may be used. 
From a consideration of the influence line at b it is apparent that for 
positive shear in panel ah, panel point h is the critical load point, and 
the loads must be located with one of the loads at this point. With loads 
arranged to meet this requirement as at a, 

where W = total load on the span. 

W\ = total load in the panel where the section is located. 

W 2 = total load on that part of the structure on the left of the 
given panel. 
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The actual loads delivered by the floor system to the structure will be 
those shown at c and the shear on section xx is 


V = Rl -W2-r (26) 




If this position of load produces maximum shear, the value dV/dx will 
pass through zero as the load at b crosses panel point b; hence, 


and 


dV _W _ Q 
dx L p 



(28) 


( 29 ) 
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Note that dxi equals dx since the loads remain at fixed distances apart, 
and that it is assumed that no loads come on or run off the span when 
the loading is moved an infinitesimal distance right or left. 

As the particular load at b moves across this point, the value of Wi 
will change from 

Wi (min) = total load in panel ab excluding the individual load at 
point b 
to 

W 1 (max) = total load in panel ab including the individual load at 
point b. 

For maximum shear, therefore, the loads must be so arranged on the 
span that 

Wp < Wi (max) 

— = (30) 

L > Wi (min) 

At d the live loading shown is spaced at 10-foot intervals and may 
occupy any position on the span. When the loading is arranged on the 
span in the manner shown, with load 3 at point 6, 

Wp 90 X 16 < Wi (max) = 30 

— = =15 

L 96 < Wi (min) = 20 

This position does not satisfy the criterion and hence will not cause 
maximum shear in panel ab. Try placing the loading with load 2 at 
point b. 

Wp 80 X 16 1 < Wi (max) = 30 

L 96 ^ > Wi (min) = 10 

This position satisfies the criterion, thus indicating a potential maximum, 
and the corresponding shear must therefore be computed. 

Try placing the loading with load 4 at point h. 

Wp 100 X 16 ^ < Wi (max) = 30 

L 96 > Wi (min) = 10 

This position also satisfies the criterion and the corresponding shear 
must also be computed. Since other positions will obviously produce 
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less positive shear, the maximum positive shear is computed as follows: 

= 28.5 kips 

0 

6.25 

6.25 

Shear on xx , — -}- 22.25 kips 

= 47.8 kips 
30 

6.25 

36.25 

Shear on xx = + 1 1 .55 kips 

Maximum shear is therefore obtained by placing load 2 at 6. 

The same principles apply for determining negative shear with a as 
the critical point at which one of the loads must be placed. 

44 Concentrated Load Systems — ^Maximum Bending-Moment 

From a consideration of the influence line for bending-moment (Fig. 
39), it is apparent that every load placed on the structure produces 
positive bending-moment and that the loads should be spaced at mini- 
mum distances apart. As the given system of concentrated loads moves 
from right to left across the span, the bending-moment will steadily 



Fig. 42. 

increase until the first load reaches the section. If the loading is moved 
further to the left, the effect of load 1 will diminish and that of the 
remaining loads will increase. If the total bending-moment has been 
increased by such additional movement of the loads, it is therefore 


Load 4 . at b 

Left reaction Ri^ 

Total load between Rl and a = 

Joint load at a due to loads in panel = — — = 


Load 2 at h 

Left reaction Rl 

Total load between Rl and a = 

T . . . I . ^0 X 10 

Joint load at a = — = 

16 
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obvious that this increase will continue until the next load arrives at the 
section. It can therefore be concluded that the maximum bending- 
moment will always occur when one of the loads is at the given section. 
In Fig. 42, the loads are placed to fulfill this condition and 


where W 
Wx 

Wix^ 


Rl = 

L 

(31) 


Wxa 

(32) 

M = 

Rta — WiXi = WiXi 

L 


total load on the span. 

moment of all loads about right support. 

total load on left of section. 

moment of all loads on left of section about a point on the 
section. 


In order for this position of loading to cause maximum bending-moment, 
the value dM/dx must pass through zero as the individual concentrated 
load at the section crosses this point; hence 


and 


dM 

dx 



Wa 

IT 


= Wx 


(33) 

(34) 


As the individual concentrated load at the section moves across this 
point in the span, the value of Wi will successively equal all values 
between Wi (min), excluding the individual load at the section, to Wi 
(max), including the individual load at the section; therefore for max- 
imum bending-moment 

Wa < Wi (max) 

= (35) 

L >Wi (min) 

Example 

For a practical appfication of this criterion, refer to Fig. 42 and assume that 
L = 40 feet and a = 15 feet, with the loads spaced at 4-foot intervals and of 
magnitudes, in kips, corresponding to the load numbers. For the loading in the 
position shown 

Wa 28 X 15 . > Wi (max) = 6 kips 

T - -iO- ■ > W, (mi.) - 3 kip. 

The criterion is not fulfilled, and therefore this position does not produce maxi- 
mum bending-moment. It is also obvious that there is insufficient load on the 
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left of the section. Try position with load 5 at section; load 1 will now be off 
the span. 

Wa 27 X 15 .nil* < (max) = 14 kips 
L 40 > Vi 1 (min) = 9 kips 

Observation indicates this to be the only position which will satisfy the criterion, 
and therefore it will cause maximum bending-moment on the section. 

When the loads are applied to the structure through an intermediate 
construction, the greatest bending-moments will occur at the panel 
points or joints, and usually they are computed only at such points. In 
applying the criterion and computing the bending-moments at panel 
points of structures of this type, the concentrated loads may be assumed 
to be applied directly to the structure at the points where such loads act 
on the superstructure. Referring to Fig. 41, it is easily computed that 
the bending-moment on a section at 5, determined from the actual loads 
on the structure indicated at c, is the same as is obtained at this point 
by using the original loads shown at a. If, however, the bending-moment 
on an intermediate section, su(‘h as xx, is desired, the actual loads, as 
at c, must be taken into acjcount. The criterion previously developed 
for placing loadings to produce maximum bending-moment will there- 
fore not be applicable for such intermediate sections. 


46 Absolute Maximum Bending-Moment 

Ijet Fig. 42 represent a simply supported beam loaded with a system 
of concentrated loads. Since maximum bending-moments will always 
be obtained when the loads are as closely spaced as is permissible, it 
will be assumed that the distances between loads are of minimum values 
and that they remain constant when the loading is moved. From a 
consideration of the bending-moment diagram which may be drawn 
for the loading in any given position, it is seen that the greatest bending- 
moment in the span will occur on a section taken at one of these concen- 
trated loads. With respect to a section at any one of the loads, the 
value of the bending-moment can be expressed in the general form 



With reference to any given load, as for example load 3, the only vari- 
ables in the above equation are x and a, hence the value of the bending- 
moment on any section under this concentrated load will be maximum 
only when x == a. Stated in other words, the loads must be so placed on 
the span that the center of the span is midway between the given con- 
centrated load and the resultant of all the loads then on the span. In 
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addition to fulfilling this requirement, the arrangement must be such as 
will satisfy the criterion (Equation 35) developed in Article 44; hence 
W I must be equal to reaction Rl. The greatest bending-moment in th(^ 
span will, therefore, occur on a section taken at one of the concentrated 
loads adjacent to the resultant, when the loads are placed in accordance 
with the foregoing rule. 

Example 

Consider the loading shown at a in h'ig. 43, and determine the greatest po>ssible 
bending-moment that this loading can produce in a 40-ft simpb'^ supported span. 



1 

^ y J 

^Resultant « 86 K 


16 K 

r— ^ 

30 K 

, 20K lOK 

10 K 



(3) ® 

0 

i- ^ J 

L L 

Jl 5: J— 

5- .._J 


(a) 
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HH 
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SSSe^HI 


IHHHBBHIHHi 




F’ig. 43. 


The position of the resultant of the loads is first determined as shown. The 
loading is now placed in accordance with the recjuirement a; = a, and it will 
be noted that two positions are possible as shown at h and c. Applying the 
criterion for maximum bending-moment at a given section to each of these 
positions, for position as in 6, we have 

Wa 85 X 18.5 < Wx (max) = 46 

L 40 > Wx (min) = 16 

The criterion is therefore satisfied when the loading is in this position. 

For position as in c, 

Wa 85 X 21 

L ” 40 


< Wx (max) *= 66 

< Wx (min) = 46 
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This position will therefore be rejected. The position shown in b must therefore 
produce the greatest bending-mornent in the span, and it is then computed as 
follows: 

[ 85 X 18 5 1 

~ — 40~^ ' J ^ ^ 

= 631 ft-kips 

PROBLEMS 

4 • 1 Find the reactions at A and B graphically. 


600 # 400 # 600 # 



4*2 (a) Find reactions graphically. (6) Find reactions analytically. 



4*3 (a) Find R\ and R 2 graphically, {b) Find R\ and 7^2 analytically, (c) 
Draw .shear and bending-moini'nt diagrams. 



10# 

15# 

20# 





5' 

^ 6' ^ 


H 



r 

24' 

□ 


4*4 Determine the reactions at .4 and B due to the fixed loads shown. 
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4*6 Detennine the horizontal and vertical components of the reactions at A 
and B, (a) Analytical solution, (b) Graphical solution. 


1200#/ft 



4*6 The member ABC is hinged at A and D and is loaded with a uniform of load 
1 kip per ft. Draw the shear and bending-moment diagrams for ABC and give the 
value of the controlling ordinates. 



4*7 Compute the resultant forces or components acting at hinges A, B, and C 
of the three-hinged arch shown. Solve both algebraically and graphically. 

B 
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4*8 Determine graphically the reactions at hinges A and B of the three-hinged 
arch due to the 6 loads shown. Use a scale of 1 in. 60 ft and 1 in. *» 60 kips. 



4*9 Determine reactions at A and B graphically, and check results analytically. 



4*10 A thn*<?-hinged arch has forces acting on it as shown in the sketch, (a) Find 
algebraically the forces acting at the hinges. (6) Calculate the maximum bending- 
moment. 
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4«11 In the three-hinged structure shown, determine the reactions at A and B. 



4*12 (a) Calculate the reactions Ri and R^. {h) Draw the shear and bending- 
moment diagrams. 



4 ‘13 (a) Draw the shear and bending-moment diagrams for the structure ACB 

in Problem 4-5. (b) Calculate the shear, bending-moment, and normal (axial) force 
at a section 10 ft from /I in memlx*r AC, Problem 4 -5. 

4*14 Draw the shear and bending-moment diagrams and give the numerical 
values of the controlling ordinates. 

20 K 20 K 



4*16 (a) Calculate the reactions and draw the shear and bending-moment dia- 

grams for the structure shown. (6) Make a graphical solution for the reactions. 


2K B 


B .C . 

a 

L. 10- .i.v.: 
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4-16 (a) Determine the reactions at A and B both algebraically and graphically. 

(h) Compute the value of the normal force, the shearing force, and bending-moment 
at point C. 



4*17 Calculate the reactions and draw the shear and bending-moment diagrams. 



16 K 

20 K 

12K 


. A \ 



. „ 2K/ft 1 

c ~ 




Df77777777777777777% 

c 




^^^Rollers 




16' J 

8',j^ 22' ^ 



4*18 (a) Draw an influence diagram for the horizontal component at the hinge 

A for a unit vertical load moving across AB. (6) Draw an influence diagram for tht' 




vertical component at A. (c) Draw an influence diagram for the bending-moment 
at C. 

4*19 Draw the influence line for shear at point A, indicating the value of the 
controlling ordinates. From this influence line, calculate the maximum p>ositive 


4 


iH 



r: 

50' 



shear at A due to a moving uniform live load of 2 kips per ft. Also calculate the 
maximum negative shear at A due to a moving uniform live load of 2 kips per ft. 

4*20 For the beam in Problem 4*19 draw the influence line for moment at point 
A, indicating the value of controlling ordinates. From this influence line determine 
the maximum positive and negative bending moments at A due to a moving uniform 
live load of 2 kips per ft. 
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4*21 If the reactions at h and c act either up or down, draw influence diagrams 
for the shear and moment at section 1-1. 



J 

' 1 


cf" 

b i 

« ii 

‘ 6' 




V 



4*22 (a) Draw influence line for shear on section aa located 8 ft from l(‘ft su|)- 

port. (6) Draw influence line for moment on section aa. (c) Using the diagram for 


50# 

10 

0# 100# 10 

L J 

0# 

1 

m 

m 

f'8' , 

r 

30' 



(а) , determine shear on section oa due to loading shown, (d) Using the diagram for 

(б) , determine the Ixinding-momcmt on section aa due to loading shown. 

4 ‘23 The reactions at Hi and R 2 can act either downward or upw’ard. (a) Draw 
the influence lines for shear and bending-moment at sections m and n, and give valuers 
of the controlling ordinates. (6) Determine the maximum positive and negative 



1 

1 

1 nti 

iji'* - 



shear at sections m and n for a uniform live load of 1000 lb per linear ft. (c) Deter- 
mine the maximum positive and negative moment at sections m and n for a uniform 
live load of 1000 lb per linear ft. 

4*24 A simply supported beam of 60-ft span carries the moving concimtrated 
load system shown. (Loading is not reversible.) For a section 15 ft from the left 



end of the beam find: (a) The maximum bending-moment, and (6) The maximum 
shear. 

4*26 A Cooper's EI-60 loading is moved from right to left across a simply sup- 
ported beam of 76-ft span. For a section 20 ft from the left end find the maximum 
positive shear and also the maximum bending-moment. 
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4*26 Determine the maximum bending-moment, due to the moving concentrated 
loads shown, at a point 15 ft from the left end of a simply supported beam of 50-ft 
span. 


lOK iOK lOK lOK 


4 *27 (a) Compute the maximum shear at section 1 for the moving live load shown. 

(5) Compute the maximum bending-moment at section 1 for the same live load. 



12 K 

_ w _ 

12 K 

10 K 

- 

6K 

, T n 

15' 

r , ^ 

I^Sectk 

)n 1-1 

1 

1 * 

^ 

r -^0' 


4*28 (a) Compute the maximum shear that can occur for the same beam and 

loads in Problem 4*27. (6) Compute the absolute maximum bending-moment for 

the Ix^ams and loads in Problem 4 • 27. 

4‘29 For girder A: (a) Plot influence lines for shear in panels 0-1 and 1-2. (b) 

From an inspection of the infliumee line, determine where a single concentrated load 


Unit load 



should lie to cause maximum positive shear in panel 1-2. (c) Compute by the ‘‘in- 
fluencc^-line method,” the exact maximum positive shear produced in panel 1-2 by a 
uniform live load of 2000 lb per ft, and cheek this result by computing the shear 
analytically. 

4-30 Draw the influence line for shear in panel 2-3, and from this determine the 
maximum positive and maximum negative shear due to a uniform moving live load 
of 2 kips per ft. 



Qumii 

E 1 

F 1 

F ] 

m 

F ] 

6 





6@15'=90' 

■i 
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4 * 31 . Draw the influence line for reaction at A. Draw the influence line for 
shear in panel 3-4. Draw the influenct' line for moment at 5. From these influence 
lines and using a movable uniform load of 4 K per ft, determine: The maximum 



2 15' =30' 7 15' =105' 3 (® 15'= 45' 


negative reaction at A. The maximum positive sh(»ar in panel 3-4. The maximum 
negative moment at 5. 

4 ‘32 For the moving load .sysUMu shown (a) Calculate the maximum positive 
shear in panel 1-2 of girder AB. {h) Calculate the maximum moment in the girder 
at panel point 3. 
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46 Definitions 

A beam is said to be restrained when its supports, or some other 
external agency, prevent or restrict free rotation of the ends of the beam. 
The terms fixed or partially fixed are frequently employed to indicate a 
condition of restraint. A fully restrained or fixed beam is generally one 
whose ends are rigidly attached to an 

immovable support ; a partially restrained p, p, 

or partially fixed beam is one whose I I 

ends may rotate to a lesser extent than ■ . T ,, T , ■ 

the ends of a similar simply supported 
beam. 

A continuous beam is one which is 
supported at more than two points. 

Such a beam may bo fixed, partially 
fixed, or simply supported at its ex- ^ 
treme ends. An}" single span of a con- 
tinuous beam may be partially or fully 
restrained by the elastic resistance of 
the adjoining spans. 

47 Elastic Behavior of Simply Supported Beams 

Consider the simply supported beam shown in Fig. 44 with, any sys- 
tem of loads, 

/ = moment of inertia of the beam section ; assumed constant over the 
span AB. 

A = area of the bending-moment diagram produced by the transverse 
loads, with the beam considered as simply supported. 
g = distance from support A to the centroid of the bending-moment 
diagram. 

Under the action of the loading, the beam will bend and conform to the 
elastic curve shown. In the study of strength of materials it is sho^^^l 
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that the elemental angle between two successive tangents to the elastic 
curve is given by the equation ^ 


d<t) = 


M dx 
El 


(36) 


The magnitude of the total angle between the end tangents at A and B, 
respectively, is obtained by integrating Equation 36 over the length L, 
and, since E and I are constant, 


</> = — = 
El 


(37) 


Since d<t> is infinitesimal, tan d<t» = d</>, and successive tangents will 
subtend distances xd<t) on a vertical through A. We see that the total 
of these will equal 

J f.L I 

I xd4> — — I Mxdx (38) 

0 El 

M dx is an elemental area of the bending-moment curve and Mx dx 
represents the moment of this elemental area bout the origin at A, hence 


and 

Similarly, 



Mxdx = 


Aa = 


Ag 

A^ 

El 


A« 


A{L - g) 
El 


(39) 

(40) 


Since Oa and 6b are relatively small angles, 


Ab A{L - g) 

^A = = 

L lilL 

(41) 

Aa Ag 

® “ L ~ EIL 

(42) 

6 a L — g 

6b g 

(43) 


1 8. Timoshenko, Strength of Materials^ Part I, p. 160, D. Van Nostrand Co., 1930. 
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For symmetrical loading, 


Aa = 


Oa = 


An 


— 


AL 

1 _ A 

“ 2*^ “ m 


(44) 

(45) 


Note that positive values of Oa or 0b indicate a clockwise direction of rotation of 
the respective end tangents. This convention for the signs of these angles will be 
followed in the remaining derivations. 


For a uniformly distributed load of w pounds per unit of span length, 


wL^ 2 wL^ 

A = X-L = 

8 3 12 

wL^ 


<t> = 


12^/ 


Ax = A/? = 


wL^ 

2iEI 

wL^ 
" 24EI 


(46) 

(47) 

(48) 


When couples are combined with loads as is usually the condition in 
problems involving restrained or continuous beams, it is necessary to 
adopt a conventional system of signs to indicate the directions of rotation 
of such couples. A positive couple will hereafter be considered as one 
which acts on the beam in a clockwise direction and a negative couple 
as one which acts on the beam in a counterclockwise direction. Such 
couples are induced by resistance of the support to rotation for fixed or 
partially restrained beams. It should be observed that the sign of a 
couple may be opposite to the sign of the bending-moment which it 
induces in the beam. 

When the only external loading on a simply supported beam is a posi- 
tive couple, acting at one of the supports, as at A in Fig. 45a, equilibrium 
of the beam as a whole requires the development of a downward reaction 
at A and an upward reaction at B as shown. These reactions constitute 
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a couple whose magnitude equals that of the applied couple Mab and, 

MabL 

^ = w 

MabL^ 


MabL^ 

= — - = 2A. 

. MabL 


MabL 1 

When Mab acts on the beam in a counterclockwise (negative) direction, 
or opposite in direction to that represented in Fig. 45a, the beam will be 


Negative B.M. 


B.M.n 


Positive B.M. 

I 

w I 


miiliissss 


Fio. 46o. 


,^1 Elastic Curve' Elastic Curve' 




Fig. 456. 


bowed upward, and the deflections and rotations of the end tangents 
will therefore be opposite in direction to those produced by the loading 
shown in Fig. 44. 

A positive (clockwise) couple Mba acting at B will produce the fol- 
lowing values: 
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When the beam is acted upon simultaneously by a transverse loading 
and a positive couple at each support, the separate effects expressed by 
the foregoing equations will combine as follows: 


^ AiL-^g) MabL MbaL 
Oa = — — h 


= — 


EIL 

Ag 

EIL 


3EI 


QEI 


MabL ^ MbaL 


QEI 


3EI 


(56) 


(57) 


48 Partially and Fully Restrained Beams 

When a couple applied at either end acts in such a direction as to pro- 
duce a direction of rotation of end tangents opposite to that induced by 
the transverse loading, it will udthin certain limits of value constitute 
a restraining couple. Thus, referring to Fig. 456, Mab will serve to re- 
strict the rotation of the tangent at A when 


Mab < 


3A{L-g) Mba 
L 2 "^2 


The beam will be fully restrained or fixed at A when Ba = 0 and there 
is no rotation of the end tangent at A . For this condition. 


M^ 


AB — 


3A{L - g) Mba 
L2 ^2 


(58) 


A restraining couple may be caused by some external force condition, 
or it may be induced by resistance of the support to rotation when the 
beam is rigidly attached to the support. 

The following additional equations may be derived from Equations 
56 and 57 : 

For a beam fixed at B and simply supported at A. 

= 0 


F 3Ag Mab 

Mba = + — + -- 
For a beam fixed at both ends, 

6a = Ob = 0 , 

2A{2L - 3flr) 


and 


M^b= - 


L2 

2A{L - Zg) 
L* 


(59) 


(60) 


M^ba = 


(61) 
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It should be noted that, for a symmetrical loading, g = and 

= -MIa = - I (62) 

When the loading consists of concentrated loads, for each concen- 
trated load, 

Pab 

A = — , and g = ^(20 + b) 

where a and & are the distances from any load to the left and right sup- 


ports, respectively. For such a loading. 


Mxb= -2^-^ 

(63) 

Pa% 

(64) 


Values of fixed-end moments for various span and load conditions are 
given in Fig. 46. 



Fixed Supported 


Fio. 46. 
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49 Relative Stiffness and Carry-Over Moment 

When a beam fixed at one end is acted upon by a couple applied at the 
free end, the value of restraining tjuaple at the fixed end is determined by 
Equation 58 or 59. The effect of the couple applied at the free end is 
represented by the second term, \Mba or \Mabj and is seen to be inde- 
pendent of the loading. This term is known as the carry-over moment^ 
and its use will be explained later. 



With reference to the beam shown in Fig. 47, which is fixed at A, 


MabL , MbaL _ - 1 - , 

~ J = ^Mba 


Therefore 


QEI ZEI 
MbaE MbaE 


Ob — — 

\2EI 

Mba — + f ■ 


+ 


= +• 


MbaE 


(f) 


ZEI ‘iEI 

= +iEeBk 


(65) 

( 66 ) 


The quantity 4EIIL measures the stiffness of the beam when one 
end is fixed, and is the value of Mba when 6b = unity. When E is 
constant, the relative stiffness may be measured by the ratio 

A = — = stiffness factor (67) 


Should the fixity at .d be removed, thus making the beam free to 
rotate at this end, M^b = 0 


Mba — + 



6b = -{-ZEdBk 


( 68 ) 
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Such a beam would therefore have three-fourths the actual or relative 
stiffness of a similar fixed end beam. 

60 Moment Distribution at a Joint 

Consider the frame shown at Fig. 48a, where the members ABj BC, 
and BD are rigidly connected at B, Assume that the members are 


Simply 

supported 




(c) 








Mbd 

Fio. 48. 


freely supported at A and D and that member BC is fixed at C. The 
stiffness factors for each of these members, determined as outlined in 
Article 49, will be as represented on the diagram of the frame. 

Let a couple, of magnitude Ub, act on the frame at point B as shown 
in Fig. 486. Neglecting any translation of point B, the members at this 
point will be rotated in the direction of Ub until sufficient resistance is 
developed internally to produce equilibrium of the joint and when equi- 
librium of the joint has been established, it will have rotated through 
the angle 6b- Passing a cutting section around joint B to produce the 
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free body shown at (c), the moments on the cut sections must fulfill 
the requirement that = 0; hence 

Mba + Mbd + Mbc = Ub (69) 

Now consider each of the beams separately, each as a free body pro- 
duced by a cutting section adjacent to point B. Beam AB will be acted 
upon by the clockwise couple MbA) and from Equation 68 

Mba = ZEBBki 

Similarly, beam BC will be acted upon by the clockwise couple Mbcj 
and from Equation 66 

Mbc = 4EdBk2 


Beam BD will be acted upon by the clockwise couple Mbdi and from 
Equation 68 

Mbd ~ SESBks 

therefore, 

SEdBki -f- "^EdBko “h ZEOBk^ = Ub (70) 

and 

Mba _ dESBki 

Ub 3E6Bki + 4E0/?fc2 “b SEdBk^ 

- [sttIt-k] ™ 



(73) 

(74) 


Thus, when a couple, or unbalanced moment, acts at a joint in an elastic 
frame, the sum of the relative stiffness factors of the several members 
joined measures the total stiffness of the joint; members which are simply 
supported at the end away from the joint are considered as having a 
relative stiffness of when this is used in conjunction with members 
which are fixed at their extremity. The total unbalanced moment, or 
couple, applied to the joint distributes itself to the members in propor- 
tion to their relative stiffness. It should be noted that the couples 
distributed to the several members will all have the same direction of 
rotation and that this direction will be the same as that of the unbal- 
anced moment or couple. 
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61 Continuous Beam Moments by Moment Distribution 

The method of successive approximation known as the moment distri- 
bution method is convenient for the analysis of continuous beams. This 
method, which was developed by Professor Hardy Cross, ^ makes use of 
the foregoing principles and by successive corrections produces results 
within any desired percentage of error. It can best be explained in 
connection with the solution of a simple problem. 

Example 

Consider the beam with loading shown at a in Fig. 49 resting without restraint 
on supports A and B and fixed at C. Let I of all sections of span AB = 2. 



Fig. 49. Continuous Beam. 


Step 1. Assume external couples applied to the beam at each point of sup- 
port sufficient to fix it at these points. The beam will then consist of two fixed 
spans, and the end couples acting on these spans may be computed from Equa- 
tion 62 or as shown in Fig. 46. 

Mab = —2*4 ft-kips ' 

Mba — +24 ft-kips 

Mbc = —64 ft-kips 

Mcb = +64 ft-kips 

Step 2, The couples computed in Step 1 are, now corrected to accord with 
the true conditions relative to the fixity of supports. Since actually no fixing 
couples are developed by the supports, the values of the assumed external fixing 
couples in Step 1 are not balanced by internal bending-moment at these points. 
To correct the error of this assumption, an external couple equal in magnitude 
to the unbalanced internal moment must be applied at each of the supports. 
Each support is considered separately and corrections determined with the as- 

* Proc, Am, Concrete Institute^ 1929; also Trans. Am. Soc. C. E.^ Vol. 196, 1932. 
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sumption that the other supports will remain fixed. The values of the end 
couples developed in the separate spans by these corrective couples are deter- 
mined in accordance with the principles of distribution outlined in Article 50. 
Since support C is in fact a fixed support, no error was made at this point. 


Support A 

Unbalanced moment = — 24 ft-kips 

Correction couple applied at A = +24 ft-kips 
Correction applied to Mad = +24 ft-kips 


Support B 

Unbalanced moment = (+24 — 64) = —40 ft-kips 

Total correction couple applied at B and to 

be distributed between Mba and Mbc = +40 ft-kips 


h = i 


k2 = ^ 




= 0.4 


k2 


^ki + ^2 4^1 + ^ 2 . 

Correction applied to Mba = 0.4 X 40 = +16.0 ft-kips 
Correction applied to Mbc = 0.6 X 40 = +24.0 ft-kips 




= 0.6 


Support C 

Unbalanced moment = 0 ft-kips 
No correction couple is needed at this support 


Step 3. Since the other supports w'ere assumed to remain fixed when a cor- 
rection couple is applied at a given support, the distributed correction couples 
determined in Step 2 wnll develop carry-over moments at the opposite ends of 
the span. These are determined as follows: 

Carry-over moment^at M ah = 0.0 ft-kips 

Carry-over moment at Mba = i X 24.0 = +12.0 ft-kips ’ 

Carry-over moment at Mbc = 0 ft-kips 

Carry-over moment at Mcb — 24.0 = +12.0 ft-kips 


Step 4* This step is a repetition of Step 2 for the unbalanced values again 
produced by Step 3. Hence at 

Support A 

Unbalanced moment = 0 ft-kips 

Correction applied to Mab = 0 ft-kips 

Support B 

Unbalanced moment = —0 + 12.0 ft-kips = +12 ft-kips 
Correction applied to Mba = 0.4 X —12.0 = —4.8 ft-kips 

Correction applied to Mbc = 0.6 X —12.0 = —7.2 ft-kips 

Support C 

Unbalanced moment = 0 ft-kips 

Correction applied to Mcb — 0 ft-kips 
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Summation of the original fixed end couples and corrections determined in 
steps 2, 3, and 4 will complete the first cycle and give approximate values of the 
true couples at the supports as follows :M>i a = 0,Mba = 4-47.2, Afao == —47.2, 
Mcb — 4" 76.0. The work may be concluded here if these approximate values 
are sufficiently precise. If more accurate results are desired, however, the work 
may be continued through as many additional cycles as necessary. Each sub- 
sequent cycle will consist of two steps: (1) determination of carry-over moments 
as in Step 3, and (2) applying correction couples and distributing them as in 
Step 4. If* seldom necessarjc^^o carry results beyond four cycles. 




10,000^ 

1 ^ 


, 

2.000 V ft 

10,000 

. , , 1 

1,000# 

1 



^ i 


/|=480 

k-6*-»4-t — 10’- 


r 

/ -600 

4 

= 200 
.. 1 


- 20 ’- 




B«am is fixed at A and simply lupporled at B, C, and f). 


Fixed End Moments : 

Span AR, M/, = - ^ ^ _ 23.44 ft-kipi 

M,’* = + ^ P.QOQ - O^ gJO =: ^ u.06ft-kip» 

Spon DC M/c 2xQQ6_?_400._ _ ^ ^ 47 ff.ijipi 

Mc:',= 66.67 ft.kips 

Span Cl) AVtt = - = - 1 8.75 ft-kips 

= zero hr simply supported end support 
Overhang PE M*, = — 1,000 x 5 — — 5.00ft-kips 


A B C P 


0 1 it -30 foso 

It = 30 f o'67 

0.33 1 lift - 15 1 1.00 

0 it 

-23.44 4 14.06 

0 \^+26.30 

+13.15>^'*. 0 

0 7.99 

+ 4.00>^>^ 0 

0 1.96 

4- 0.98.r^ 0 

0 0.67 

+ 0.34 VS, 0 

0 4- 0.16 

-66.67 f 66.67 

+ 26.31 -v^-3 1.95 
-15.98VS^^ 13.15 
+ 7.99 7.83 

- 3.91 xV^+ 4.00 

+ 1.95 2.67 

- 1.34VS* 0.98 
+ 0.67 '^^^ 0.65 

- 0.32xV>C+ 0.34 

+ 0.16 ’ - 0.23 

-18.75 0 

-15.97^v^ +5.00 

+ 2.50VS, 0 

- 0 

0 ,Vs 0 

- 0.33--^ 0 

0 Vs 0 

— 0.11 0 

-5.00 

0 

0 

0 

0 

0 

0 

0 

0 

- 4.97 +51.14 

+51.14 4 41.81 

-41.81 15.00 

-5.00 


The bending-moments on beam sections taken at the supports arei 
At support A, Bending-moment ‘ 4,970 ft-lb, negative 

B, Bending-moment 51,140 ft-lb, negative 

C, Bending-moment - 41,810 ft-lb. negative 

D, Bending-moment — 5,000 ft-lb, negative 

Fig. 50. Continuous Beam Solution by Method of Moment Distribution. 

The solution of a continuous beam by moment distribution is most 
conveniently done by arranging the computations in tabular form. A 
tabular arrangement of the preceding computations is thus shown at h 
in Fig. 49, and here it will be noted that a complete solution is obtained 
at the end of two cycles. Another typical solution involving different 
load and span conditions is given in Fig. 50. 
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62 Theorem of Three Moments 

This theorem for the solution of continuous beams was first published 
by Clapeyron in 1857. Its derivation ma}^ be found in any standard 
treatise on strength of materials ^ and will not be repeated here. 



Fig. 61. 


The theorem is expressed by the following general equation, appli> 
(;able to any pair of adjacent spans of a continuous beam (see Fig. 51). 



+ 




L,h 


^^2(^2 92) 

L2I2 


(75) 


where Ma = bending-moment on section at support A. 

Mb = bending-moment on section at support B. 

Me = bending-moment on section at support C. 

Li = length of span AB. 

L 2 = length of span BC. 

1 1 = moment of inertia of all sections of span AB. 

1 2 = moment of inertia of all sections of span BC. 

-^2 = area-of-bending-moment diagram for spans AB and BC, 
respectively, considering each as a simply supported beam. 
9 \y<j 2 = distance from centroid of A 1 or A 2 , respectively, to support 


A or B. 


It is assumed in the derivation of this equation that the reactions at 
A, B, C, etc., act either upward or downward to prevent vertical move- 
ment of the beam at the^ supports. 

This equation is most frequently written in the form 

Li / Z/i B2 

\li I 2 / 12 

= - S[PiL?(fci - fc?)] - ^ StP2Li(2fc2 - 3fc| + kl)] (76) 

il I2 

* Timoshenko and McCullough, Elements of Strength of Materials, D. Van Nostrand 

Co. 
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where (see Fig. 52) Pi = any concentrated load in span AB. 

ki = ratio of distance between A and load, to span 
length Li. 

P 2 = any concentrated load in span BC. 
k 2 = ratio of distance from B to load, to span 
length L 2 . 


A 

1 1 . 

P, 1 

^ B 

-< ? 

Pt 

f C 

1 ' 


> 







For uniform loading 


Fig. 52. 
Pi = wdx 


1 SPiL?(fc, - dx L\ (77) 

1 1 /2x x^\ 

- SP2Li(2fc2 - 3fci + = - I W rfx L| { — - — + -^ ) (78) 

I2 I2 ^ B2 ^2/ 


where the limits are determined by the extent of the uniform load. 
When the uniform load extends over the entire span, either integration 
produces the result 

1 wL^ 

IT 


When a beam is fixed at the end support, an imaginary span Lq = 0 is 
added, and the equation is then applied to this imaginary span and the 
adjacent span; thus for the beam in Fig. 53a, noting that / is constant, 

Example 

(a) Mo = 0 

(h) 0 4 - 2Ma(0 + 20) + 20Mb = -0 - 

40ilfA + 20il/B = -4000 

(c) 2QMa + 2Mb( 20 + 16) + 16A/c = -4000 - [12 X (16)* X Hf] 

20iJfA + 72^^ + 16ilfc = -5170 

Me = —(4 X 4) =* —16 ft-kips 


(d) 
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Combining (c) and (d), 


2QMa -f 72Mb = -4914 
20Mx -f lOMjs = -2000 


62Mb = -2914 
Mb = —47.0 ft-kips 


Ma 


-4000 - 20Mb 
40 


— 76.5 ft-kips 


63 Continuous Beam Reactions 

With the bending moments on sections at the supports established 
in value and kind, the reactions are determined from principles of 
statics. Thus, for the beam shown in Fig. 53a, 



Beam fixed at A, supported at B and C, 
E and / are constant over entire length. 


(a) 



Fia. 53. 


Example 


Ma = —76.5 ft-kips 
Mb — —47.0 ft-kips 
Me = —16.0 ft-kips 
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Passing a cutting section immediately left of support B and considering por- 
tion AB as a free body (Fig. 53b), 

2M = 0 (momqnt center at B) 

20Vab - 76.5 - (40 X 10) + 47 = 0 

Ra = Fab = 21.48 kips (acting upward) 

27 = 0 

Vab - 40 + Vba = 0 

Vba = 40 — 21.48 = 18.52 kips (negative shear) 

Passing a cutting section left of support C and considering portion i4-C as a 
free body (Fig. 53c) and writing 23/ = 0 with moment center at C gives 

IQRb - 76.5 + (21.48 X 36) - (40 X 26) - (12 X 10) + 16 = 0 

Rb = 27.96 kips (acting upward) 

Note that the above computation for Rb could have been based on the free-body 
diagram indicated in Fig. 53d in which case 


\5Rb - 47 ~ (18.52 X 16) - (12 X 10) 4- 16 = 0 
Rb = 27.96 kips 



Bending Moment Diagram.. 

Fia. 54. Continuous Beam. Shear and Bending-Mom(mt Diagrams. 
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Considering as a free body the portion on right of a section at B (Fig. 53e), 
writing SM = 0 with moment center at gives 

16/2c - (4 X 20) -- (12 X 6) + 47 = 0 
Rc = 6.56 kips (acting upward) 

Computing = 0 for entire beam, 

Forces (acting upward) = 21.48 -f 27.96 + 6.56 = 56 kips 
Loads (acting (lownward) = 40-1- 12-1-4 = 56 kips 

* Check 0 

The shear and bending-moment diagrams may now be determined as out- 
lined in Chapter 4. (See Fig. 54.) 

64 Vertical Displacement of Supports 

The procedures outlined in Articles 51, 52, and 53 were based upon 
the condition that the supports remained at their initial elevation and 
that the reactive forces at each support were sufficient to produce this 
relationship. If any support moves vertically, when the loads are 
applied, values based on this condition must be adjusted accordingly. 
If it is assumed that any support movement will be relatively small 
and that coincidental lateral effects may be neglected, the computations 
based on the loading will not be changed, and the effect of support 
movement may be studied by considering the behavior of the beam with 
the loading removed. 

Referring to Fig. 55a, we see that no moments will be induced in the 
simply supported beam AB by a settlement of support B through a 
very small distance d. If, ho\vever, the beam is fixed at A, a couple 
Mab will be induced at A sufficient in magnitude and direction to 


rotate the tangent at A through the 



Fig. 65. Ftg. 56. 


Note that Mab is negative when the movement of support B is down- 
ward and that the direction of Mab will be reversed should support B 
move upward from its original position. 



102 


RESTRAINED AND CONTINUOUS BEAMS 


For a beam fixed at both ends as shown in Fig. 56, the values of end 
couples induced by a change in the relative elevation of the support may 
be determined from Equations 50 and 57. 


6a = —6b = — 

M^ab = MIa = - 


d 

L 

GEId 

ly 


(81) 

(82) 


It should be noted that both end couples are negative (counterclockwise) 
when support B moves downward relative to support A and that these 
couples will be positive when support B moves upward relative to 
support A. 

Example 

The structural steel beam shown in Fig. 57 is to l)e computed for a §-inch 
settlement of support J5, the other supports remaining at their original level. 


12K 4K 


2K per Im. ft. | 


1 

r] 

1 . . 

1 


lA 

H 20' r- 


— 14' 

J 

4.-4M 


B«ahi is of constont section (/ = 3)0 in') ond is fixed ot 
4, and simply supported ot B and C 

when supports remain at some levelt ' 


0.00 U )-29 |0.52 

0.48|^fc^ 1.2l|).00 

0.00 

-66.7 ‘ 66.7 

0 -20.0 

-10.0 0 

0 -f 0.3 

f 0.2 0 

0 0 

-28.) 4)6.9 

-18.6 - 0.9 

- 0.5 0 

+ 0.2 .0 

0 0 

0 0 

-16.0 

0 

0 

0 

0 

0 

-76.5 +47.0 

-47.0 +16.0 

-16.0 


Correction for Vt in. settlement of support B: 



-39.7 -39.7 

+31.0 0 

0 


0 + 4.5 

+ 23.^^^ 0 

+ 4.2 0 

0 0 

0 

0 


0 0 

0 0 

0 

Finol Moment 

113.9 -ill.e 

-11.8 •» 16.0 

- 16.0 


Fig. 67. Moments Caused by Settlement of Support. 

For the first step in the solution, assume that all supports remain at the same 
level, and determine the moments at the supports in the usual manner. The 
results by moment distribution are shown in Fig. 57. 

Now consider span ABj and assume that the beam is fixed at supports A and 
B. From Equation 82, 

wF 6 X 29,500 X 310 X 0.5 
Mab = Mba = “ 


240 X 240 X 12 


-39.7 ft-kips 
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Next, consider span BC with the beam fixed at B and simply supported at C. 
From Equation 80, 


, 3 X V 310 X 0.5 

Mbc ^ ~\ 

192 X 192 X 12 


+ 31.0 


For the second step in the solution, these correction moments, which are due 
to the settlement of support By are added to the pre\'ious values, and the mo- 
ments are adjusted by moment distribution to produce the final corrected values. 
The solution of this part of the problem is shown in the lower tabulation of 
Fig. 57. 

PROBLEMS 


5*1 Bending-moments (B.M.) at the supports of the continuous beam shown 
have been computed and are of the values and sign indicated. Plot the shear and 
bending-moment diagrams to the following scales: 


Horizontal — 1 in. == 6 ft 


Vertical — (shear) 1 in. = 10,000 lb 

(moment) 1 in. = 10,000 ft-lb 



Bending^ moments 

At A, B.M. = -1,460 ft-lb 
By B.M. = -4,370 ft-lb 
C, B.M. = -11,360 ft-lb 
/), B.M. - 0 ft-lb 


Indicate magnitude and location of all controlling ordinates and points of zero sheai 
and bending-moment. 

6*2 Compute the value of the fixed end moments for each of the spans shown. 



Span 1 Span 2 Span 3 
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6*8 E and I are constant. The moments at the supports of the above continuous 
beam have been determined as follows: 

Mab = — 76.4 ft-kips 

Mba = 4-47.0 ft-kips 

Mac = —47.0 ft-kips 

Mcb = +16.0 ft-kips 

Mcd = —16.0 ft-kips 


Fixed ^ 


\ 

2K/ft 

12 K 


4K 


B 


7 D 

r 

6' 

10' 


^ . 20' 




Determine the reactions and plot shear and bending-moment diagrams. Indicate 
values of controlling and critical ordinaUis. 


5.4 


Span AB 
BC 
CD 


/ = 30 
7 = 10 
/ =36 


E is constant 


Fixed ( 


■ 



mmm 

' D 

Hi 

Hi 

H 

Hi 

HI 

HI 

HI 

m 

15' 


HS 

■1 



Supported 


Determine moment at each support of the above continuous Ixmm by method of 
“moment distribution." Express results in foot-kips. 

6*6 (a) Determine the value of the Ixmding moments at the supports. The 

beam is simply supported at A , continuous over B and (7, and fixed at D. El is 
constant for all spans. (6) Draw the shear and bending-moment diagrams. 


W«lK/ft 


Supported 


A 

B 

24' 

14' 


24 ' 




R Fixed 


5*6 Determine the reactions at A and B, also the maximum positive and negative 
moments. El is constant. 

5000# 


lV»lK/ft 


Fixed t 


20 ' 


B 
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5 '7 / « 4800 in.* for all spans, (a) Compute the moments at the supports Ay By 
Cy and D for the continuous beam shown, (b) Calculate the reactions at A and 
B. (c) Draw the shear and bending-moment diagram for the span ah. 

24 K 


W«2K/ft 


24 * 16 ^ 


12 ' 


.12' 


tC D| 

24' 


Supported 


5*8 (o) Determine the bending moments at supports Ay By and C by the moment 

distribution method. Carry results through not more than two cycles, and express 
values to the nearest tenth, (b) Determine the value of reaction Rc. 

lOK IK 


I^^Fixed 

^ 8 '- 0 "^ 



immsmsssmm, 

israi 

9HBHH 

r 

<VI 

II 

r 

•fsc- 4 


6 *9 (a) Compute the moments at the supports of the continuous beam shown. 
7 is constant for all spans, (b) Calculate the reactions and draw the shear and 
bending-moment diagrams. Record the values of the controlling ordinates on the 
diagram. 


lOK 30K 

u 


•41 


. 8 ' ! 


16' 


B 


iy=2K/ft 


fC 


20 ' 


24' 


6*10 Compute the moments at the supports i?, C, and D for the beam shown. 
=» 2000 in.^ for both spans. There are no supports at A and E. 



4" 

B 

10" 

c 

20" 

D 

c 


6*11 Determine the moments at supports A, B, C, and D using the moment- 
distribution method carried through four cycles (El is constant.) 
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6*12 In Problem 5-11, if the moments at the supports A, B, C, and D are as 
listed below, determine the reactions at the supports, and draw the shear and bend- 
ing-moment diagrams for the beam. 

Ma =» -65,996 ft-lb Me - -76,693 ft-lb 

Mb = -508 ft-lb Md = -8,000 ft-lb 


5*13 Determine the moments and reactions at supports A, B, and C. Assume 
E and / as constant. 



6*14 Find the positive bending moment at the centerline of span BC. The beam 
is of constant section. 


I 

Fixed ^ 




15 ' 



Fixed 


6*15 El is constant. Determine the moments at the supports A, B, and C. 




^ 2K/ft 

' 




rixea / 5 t 

" 

c 

20' 

^ riAco 



6*16 If El is a constant, determine the moments at each of the* four supports 
using the moment-distribution method carried through four cyciles. 



m 



H 



I 


BH|| 


i 


6*17 Draw the shear and moment diagrams for beam of Problem 6*16. Use 
Ma * —68.94 ft-kips 
Mb *■ —32.12 ft-kips 
Me * — 162.58 ft-kips 
Md ■■ —20.00 ft-kips 
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6*18 Determine the moments and reactions at the supports. Assume E and I 
as constant. 


Supported 


2K/ft 



A B 

, 30' , ^ 40' 

C D 

c 


Supported 


6 *19 (a) Compute the moments at supports A and B by moment distribution. 

/ *=» 10 for all spans. (6) Compute the value of reaction 


1600# 



6*20 Assuming El to be constant, determine the moments and reactions at 
supports A, B, and C using the momentz-distribution method. 



Supported 


6*21 Assunuj El constant. Draw the bending-moment diagram. Use moment- 
distribution method for moments at .supports. 



6*22 For spans AB and C/), I = 122 in.^, for span BCy I « 442 in.^ (a) Deter- 
mine the bending moments on sections at A^ B^Cj and D using the moment-distribu- 
tion method. Continue computations through two cycles onlijy and express values in 


10 . 000 # 


I 

Fixed ^ 




2000#/ft 




B\ 


D4 


20 ' 


20 ' 


10 ' 


Supported 


ft-kips to one decimal only. (6) Sketch form of bending-moment diagram for the 
entire beam, showing values of controlling ordinates, (r) Compute value of reaction 
nXD, 
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65 Definitions 

A truss is an arrangement of tension and compression members fas- 
tened together at their ends by pins or other suitable devices. The sim- 
plest arrangement is three members in the form of a triangle as at a in 
Fig. 58; if supported at A and such a frame will resist change in form 



and will thus, within the limitation imposed by the strengths of its mem- 
bers, be capable of carrying the load P, A truss may be regarded as an 
assemblage of such triangles as at b in Fig. 58. The arrangement is 
determined by the position and direction of the applied loads and reac- 
tions; also by practical design limitation of the individual members 
themselves. 



The series of top members (horizontal or inclined) of a truss (Fig. 59) 
is called the top chord; the series of bottom members, usually horizontal, 
is called the bottom chord; the members connecting the top and bottom 
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chords are referred to collectively as weh members and individually as 
diagonals or verticals. 

Some of the common truss forms are illustrated in Fig. 60 . 






(c) Howe Roof 
Truss 


id) Pratt Roof 
Truss 


(e) Fink Roof 
Truss 




if) Warren Roof 
Truss 


(g) Howe Bridge 
Truss 


{h) Pratt Bridge 
Truss 




O') Baltimore Truss 


F^g. 60. Types of Trusses. 


66 Primary and Secondary Stress 

The total axial force induced in any member of a truss is called stress. 
Primary stresses are those which are computed in accordance with the 
assumption that members of the truss are connected by frictionless pins 
located at the intersections of the axes of the members; that the loads 
are all applied initially to these pins; and that the truss will not deform 
or deflect under the action of the loading. Secondary stress results 
from errors in the foregoing assumptions. Thus, where the membei's 
are rigidly connected by rivets to a common gusset plate, the change in 
geometrical form of the truss due to its defle(‘tion will develop bending 
in the members and induce secondary stress.- Transverse loads applied 
directly to members will produce secondary stress in such members due 
to bending. 

In general, secondary stresses are computed only for large and im- 
portant structures or for special obvious situations as, for example, 
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Typical Riveted Truss Joint. 


where transverse loads are applied to members at intermediate points 
in their length. 

57 Joint Loads 

As stated in Article 50, primary stresses arc premised on the assump- 
tion that the external forces acting on the truss are applied to the pins, 
real or imaginary, which connect the members meeting at a common 
point; therefore, the first step in any stress analysis is the determination 
of these external forces or joint loads. A truss generally supports sec- 
ondary construction on which the loads are directly applied. The actual 
loads acting on the truss, therefore, are the reactions developed by such 
auxiliary construction. 

Roof trusses are spaced at intervals over the length of the space that 
is roofed over, and they support the weight of the roofing, beams, and 
other construction which bridges the space between roof trusses. The 
usual arrangement (Fig. 61), from the exterior surface inward, consists 
of the roof covering, which is supported on sheathing, in turn supported 
by rafters which run in a direction corresponding to the slope of the roof ; 
the rafters, in turn, are supported on purlins, which are beams spanning 
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the space between trusses. The purlin reactions therefore constitute 
the actual loads on the roof truss. To avoid excessive secondary bending 
stresses in the top chord, purlins are generally supported by the roof 
truss at or near top-chord joints. Usually, for simplicity in construction, 
the truss joints are arranged to divide the top chord of the truss into 



Fig. 61. Details of Roof Construction. 


equal spaces, and the trusses are spaced at equal intervals. Determina- 
tion of joint loads for typical roof construction is illustrated in the 
following problem: 

Example 1 
Construction Data 

Roofing Common shingles 

Sheathing 1-in. yellow pine 

Rafters 2X6 yellow pine at 16 in. on centers 

Purlins 6 X 10 yellow pine at top-chord joints 

Truss Wooden truss with steel ties, Howe type (Fig. 60c), span 50 ft 
pitch \ ; spacing of trusses 16 ft 

Dimensions 

Rise of roof = i X 50 - 12.5 ft 

Length of rafter = (12.5)^ 4- (25)^ =* 27.95 ft 

Spacing top-chord joints * i X 27.95 — 9.31 ft 
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Weight per Square Foot of Roof (see Table 1 in the Appendix) 

Shingles = 2.5 lb 

Sheathing = 2.5 lb 

Rafters 2.5 X X = 2.0 lb 
12 16 

Distributed load 7.0 lb per sq ft 

Purlins 2.5 X X 16 = 200 lb each 

Roof truss (see Article 13) 

16X502 16X503 

^ “ 25 6000 

= 1600 + 333 = 1933 lb 

Joint Loads 

For purposes of stress analysis or design, the weight of the roof truss is assumed 
distributed over the roof surface. The joint loads are then computed as follows: 

Intermediate Joints 

Roof covering 7 X 9.31 X 16 = 1045 lb 

Purlin = 200 

Roof truss I X 1933 = 320 

Total = 1565 lb 

End Joints 

Roof covermg 7 X X 16 = 520 lb 

Purlin = 200 

Roof truss ^ X 320 = 160 

Total = 880 lb 

(These loads are shown as acting on the truss at a in Fig. 62.) 


% 



For practical purposes and for preliminary analysis made before the 
actual sizes of members are established, it is sufficiently accurate to 
estimate the total dead weight of the construction and assume this as a 
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distributed load over the roof surface. On this basis, the joint loads 
would be as follows: 

Example 2 

Total weight roof covering = 7 X 27.95 X 2 X 16 == 6250 lb 
Total weight purlins = 7 X 200 = 1400 

Total weight roof truss = 1930 

Total weight of construction = 9580 lb 

Joint Loads 

Intermediate == ^ X 9580 = 1600 lb 
End \ X 1600 = SOO lb 

(These loads are shown as acting on the truss at h in Fig. 62.) 

The loads computed in the foregoing are for the intermediate trusses 
supporting the roof. The trusses at the ends would carry only one-half 
as much roof surface, and their loads would therefore be correspondingly 
less. 

Any live load superimposed on the roof surface is carried to the top- 
chord joints of the truss by the roof construction. Even though the 
sheathing, rafters, and purlins are continuous over their supports, the 
reactions developed on the truss by purlins are computed as though such 
elements of the construction were non-continuous and simply supported. 
Thus, in Fig. 61, if a load were placed in the roof area bounded by purlins 
ac and it would create reactions or joint loads at a, 5, c, and d in pro- 
portion to its relative position in that area. A load at the center would 
be equally divided among the four points; if closer to ac, joint loads at 
a and c would be proportionately larger than joint loads of h and d\ if 
closer to truss joints a and 6, these joint loads would be proportionately 
larger than joint loads of c and d. 

Loads are sometimes applied to or suspended from truss members. 
In such cases, the member is regarded as acting first as a simply sup- 
ported beam delivering reactions to the joints at its ends. Thus (Fig. 61) 
a load suspended from member ef would cause that member to act as a 
beam, and the joint loads at e and / would be equal to the reactions of 
this beam. 

It is generally necessary to determine the joint loads for any loading 
applied to a truss before analyzing the internal stresses in the truss. 

Bridge truases are generally arranged in pairs with the floor of the 
bridge passing between the trusses, in through bridges^ and over the top 
of the trusses in deck bridges. For either type bridge, the usual arrange- 
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ment is to attach transverse floor beams to the trusses (Figs. 63 and 64) 
with longitudinal stringers resting on or attached to these floor beams. 



Typical Roof Framing. 


The flooring, which usually is a reinforced concrete slab for highway 
bridges and cross ties for open-deck railroad bridges, rests on the longi- 
tudinal stringers. Although variations in this general arrangement 
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Fio. 64. 
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may at times be employed, they produce the same net result, namely 
that the weight of the floor system and of the live load superimposed 
on the floor is delivered to the trusses by the transverse floor beams, 
and the reactions of these beams, therefore, constitute the loads applied 
to the truss. To avoid secondary bending stress in truss members, floor 
beams are preferably attached to the trusses at or near joints of the truss. 
The effect of the weight of the trusses themselves plus the weight of 
bracing and other auxiliary construction, which is not part of the floor 
system, is usually allowed for by assuming a uniformly distributed load 
of the same gross magnitude spread over the floor of the bridge. For 
large trusses, where the distribution of truss weight may appreciably 
affect member stresses, the weight of the truss may be assumed equally 
divided between top- and bottom-chord joints and the weight of the 
bracing and of the floor system applied to the truss at the joints to which 
or near which such construction is attached. The vertical members are 
the only ones which are affected by changing the load distribution 
between the top and bottom chord joints. 

The following examples illustrate the determination of dead-load 
joint (panel) loads for a typical truss bridge: 

Example 3 
Construction Data 

Through highway truss bridge 

Span, 1 10 ft center to center of truss bearings 

Roadway, 24 ft curb to curb 

Trusses, 5-panel Pratt (Fig. 59/0, spaced 29 ft ai)art. Total estimated 
weight trusses and bracing is 90,000 lb 
Curb, 9 in. wide and 1 5 in. high (concrete) 

Floor beams, 30 in. X 110 lb 

Stringers, 7 lines of 16-in. X 45-lb I-l)eams 

Floor slab, reinforced concrete average t — 7^ 

Wearing surface, allow 20 lb per sq ft for future 

IrvUrmediate-J oint Loads (see Fig. 65a) 

Wearing surface and floor slab (20 + 94) X X 24 X i = 30,100 lb 


Curb, 9 X 15 X M X 22 = 3,090 

Stringers, 7 X 45 X X ^ = 3,470 

Floor beam, 110 X 29 X i = 1,600 

Truss and bracing, | X 90,000 X i = 9,000 


Total = 47,260 lb 

End-Joint Load 

\ X 47,260 = 23,630 lb 
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If the weight of truss and bracing is to be more accurately distributed, 
the results would be as follows: 

Example 4 (same data as for Example 3). 

Intermediaie-Joint Loads (see Fig. 656) 

Top-Chord Joints 

Truss and bracing, \ X 90,000 X i X ^ = 4,500 lb 



4.5 K 4.5 K 4.5 K 4.5 K 



Bottom-Chord Joints 

Wearing surface and floor slab = 30,100 lb 


Curb = 3,090 

Stringers = 3,470 

Floor beam = 1,600 

Truss and bracing = 4,500 


42,760 lb 

End-Joint Load 

\ X 4,500 = 2,250 lb 
I X 42,760 = 21,380 


23,630 lb 


Live loads are transmitted to the trusses by the floor system, which 
is generally assumed to act as a system of simply supported beams. In 
accordance with this assumption, it is not necessary to compute indi- 
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vidual slab and stringer reactions as any load will be distributed to the 
joints of the two trusses proportionate to its position in the panel. To 
produce maximum effect, a concentrated load should be placed near one 
truss. 

Example 5 

Consider a standard H20 truck (see Fig. 2) placed on the foregoing highway 
bridge floor (Example 3) with its rear axle over the floor beam at Lo (P^%. 66a). 


Ui U2 lu 



20 T Truck 


5 Panels at 22' =110' 


29' c. to c. of Trusses 


Fig. 66. 

The truck is placed with the wheel against the curb (Fig. 666), and the joint 
loads on truss A are computed as follows: 


Weight of truck, 20 tons = 40 kips 


Rear axle, 0.8 X 40 
Front axle, 0.2 X 40 


= 32 kips 
= 8 kips 


Proportion of load to truss A = 

Joint Load L\ 

22 7 14 

Front axle, 8 X “ 

Joint Load L 2 

Front axle, 2.3 kipe 


Rear axle, 32 X 


= 25.0 kips 
27.3 kips 


These joint loads are used to determine the stresses in the truss for the truck in 
the given position. 
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For a uniformly distributed load over the floor surface the determina- 
tion would be as follows for the structure of Example 3. 


Example 6 
Location of Load 

Assume a uniformly distributed load of 100 lb per sq ft covering the entire 
width of roadway and extending from L^ to a point midway between L\ and L2. 


Load per lineal foot of bridge = 100 X 24 = 2.4 kips 
Load per lineal foot of truss ~ | X 2.4 = 1.2 kips 


Joint Loads 
At Li 

At L 2 

At L3 and L4 
At Z/5 


1.2 X 11 X 5.5 
22 

1.2 X 11 X 16.5 
22 

1.2 X 22 X ^ 

1.2 X 22 

1.2 X 22 X I 


3.3 kips 


9.9 

13.2 

23.1 kips 
26.4 kips 

13.2 kips 


68 Truss Reactions 

The truss reactions are determined in accordance with the principles 
outlined in Chapter 4. Although they are produced by action of the 
joint loads on the truss, they may be determined directly from the initial 
loading and its relative position in the span. 

Thus, for the roof truss shown in Fig. 62a, assuming it simply sup- 
ported, Kl = = (2 X 1565 X 5) + 880 = 4790 lb. For the bridge 

truss shown in Fig. 65 /i/, = Rr = (2 X 47.3) + 23.6 = 118.2 kips. 

For live loading it is sometimes convenient to compute separately 
the amount contributed to the reaction by each joint load. Thus, for 
the bridge truss given in Example 3 of Article 57, 


Example 1 

Using joint loads determined in Example 5, Article 57, 

Truss reaction produced by joint load Li = 4.0 X i = 3.2 kips 
Truss reaction produced by joint load L 2 = 27.3 X i = 16.4 kips 


Total truss reaction, Rl = 19.6 kips 

Here, however, it would have been more convenient to compute the amounts 
contributed to the reaction from the initial loading as shown in Fig. 66, without 
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consideration of the individual joint loads. Thus, noting that the load on the 
floor is transmitted to truss A in the proportion 22.7/29, the reaction is as 
follows: 

22.7 80 

Truss reaction produced by front axle = 8 X X -rr;; = 

L iU 

22.7 3 

Truss reaction produced by rear axle = 32 X X - =15.0 kips 

29 5 

Total truss reaction, Ri = 19.6 kips 


Example 2 


The individual joint loads which result from the uniform loading used for 
Example 6, Article 57, will each contribute the following amounts to the value 


of Rl' 


Load at Li 3.3 X i = 2.64 kips 

Load at 23.1 X J = 13.86 

Load at La 26.4 X f = 10.56 

Load at L4 26.4 X i = 5.28 

Load at Ls 13.2 X 0 = 0 


Total truss reaction, Rl - 32.34 kips 

It is much simpler here to compute the reactions directly from the initial loading: 

Total load on span = 2.4 X 77 = 184.8 kips 

Load dehvered to tniss A = | X 184.8 = 92.4 kips 

Distance from resultant of load to right reaction = \ X 77 = 38.5 ft 

38 5 

Rl = 92.4 32.34 kips 

Reactions may also be determined by graphical methods as outlined 
in Chapter 4. 

69 Stresses in Truss Members 

The primary stress in an individual member of the truss is determined 
by dividing the structure into parts as stated in Article 37 and computing 
the force system necessary to maintain the equilibrium of any such part. 
Since the members are assumed to be connected by frictionless pins, the 
force in a member must coincide with its axLs and pass through the pins 
at each end. Thus, if a section is passed through panel L 1 L 2 of the truss 
shown in Fig. 66, the force system acting on the portion on the left of 
this section will be as represented at a in Fig. 67 ; the force system acting 
on the portion on the right of this section is shown at b. In each system 
it will be observed that the members cut by the section are represented 
by the stresses in such members. The reaction, joint loads, and stresses 
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in either of these groupings thus constitute a force system in equilibrium 
and must fulfill the static conditions 'EM = 0, SF = 0, and 'EM = 0. 

Sections are generally chosen in such a manner as to cut not more than 
three members. When the arrangement of members is such that this 
cannot be done, the structure is termed statically indeterminate internally^ 
and other methods of analysis must be employed. Such a condition may 
be noted by sectioning the center panel of the above truss and consid- 
ering the portion on the left of this section (Fig. ()7c). For such an 





arrangement, however, a solution by statics is made possible by so con- 
structing the diagonals that they are incapable of resisting compressive 
stress; thus ^'3 = 0 , and the three remaining unknowns may be deter- 
mined by statics. ^ 

Tension stress in a member is generally indicated by the symbol +, 
compression by the symbol — . 

^ The force or stress in members may also be found from a considera- 
tion of the individual joints. Since the pin (real or imaginary) connect- 
ing the membei's at a given joint is in equilibrium, the forces in the 
members acting on such a pin must form a concentric force system in 
equilibrium and fulfill the equations EH = 0 and 2F = 0. Obviously, 
not more than two unknowns may be included in such a determination. 
Typical joints of the foregoing truss are represented in Fig. (> 8 . Analysis 
of joint Lq (Fig. OSa) shows that the vertical component of stress in 
LqLi equals the truss reaction, and, since 2 // = 0 , the stress in LqLi 
must ecjual the horizontal component of the stress in analysis of 
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joint Li (Fig. 686) shows that the stress in L 1 L 2 must equal the stress in 
LqLi and that the stress in U \L\ must equal the load at L \ ; proceeding 
to joint U\ (Fig. 68c), we find the stresses in U 1 U 2 and U\L 2 by writing 
SH = 0 and SF = 0. This method of analysis is particularly useful 
in determining stresses in hangers such as UiL\ and vertical posts such 
as U 2 L 2 * It also forms the basis of graphical solutions, since the forces 
acting on a pin, laid out to scale and direction, must form a closed 
polygon. 

Stresses are usually computed for each separate loading or load 
arrangement. The dead-load stresses are first computed and recorded; 



(a) (6) (c) 

Fig. 68. 


then each live loading is separately considered and stresses recorded for 
such arrangements of this live loading as will produce maximum effects 
on given members. Finally, the combined stress resulting from rational 
load combinations is determined by adding the stresses obtained from 
the separate ar alyses. 

60 Roof Trusses — ^Dead-Load Stresses 

Stresses in roof trusses are frequently obtained by graphical methods. 
The truss diagram is laid out to convenient scale as at a in Fig. 69, and 
all spaces are lettered or numbered. The forces acting on a given joint 
are identified by reading the letters or numbers around the joint in a 
clockwise ^ direction. Thus the forces on the end joint are identified as 
reaction AB, joint load BC, and stresses Cl and I A. Figure 696 is a 
collection of force polygons drawn for each joint and superimposed upon 
one another. Thus, the left end joint being considered, AB laid off to 
scale and direction and lettered ab to read in its direction of action; 
be in similar manner indicates the joint load; forces cl and la must then 
complete a closed force polygon and act on the pin in the direction 
indicated by reading their identifying letters or numbers. Thus force 

‘Forces may be read in a counterclockwise direction if preferred; however, the 
same direction must be maintained throughout the solution. 
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cl is a compression stress and la is tensile. Similar procedures are fol- 
lowed for the other joints, and the values of all stresses are obtained by 
scaling the diagram. 

In the construction of the force polygons which make up the force or 
stress diagram, it will be noted that only two unknowns can be solved 


2.4 




Fig. 60. Graphical Analysis of Stress. TTowe Roof Truss. 


at each joint, and the selection of the order in which joints are solved 
must be in accordance with this limitation. For the Fink roof truss 
shown in Fig. 70, joints Lq, Ui and Li are solved in order without diffi- 
culty. Because of the presence of three unknowns at each of the next 
top- or bottom-chord joints, the order of progress is temporarily halted. 
It will be noted, however, that although joint Us has three unknowms, 
two of these have the same line of action, which makes it possible to 
solve for the third unknowm and the resultant of the other tw'o forces. 
Thus the force polygon (Fig. 706) f/6'5'c is drawn with stress 6-5 in 
assumed or temporary location, but, since /6 and e5 are parallel, it will 
be noted that 6'5' represents the correct stress in truss member 6-6. 
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Joint Ms now represents a similar situation, and the force polygon 
5'6'7'4'5' can be constructed with the length 4'5' representing the cor- 
rect stress in member 4-6. Joint U 2 can now be solved and forces 5'4' 
and 5'6' shifted to their correct positions. 




Fig. 70. Graphical Analysis of Stress. Fink Roof Truss. 

Figure 71 represents another solution of this problem. In this solu- 
tion, a temporary member mn is substituted for members 5-4 and 6-5, 
and the solution proceeds to the finding of the stress in member FG. The 
temporary member is then removed and stresses determined in the 
actual members. 

In these graphical constructions, the layout of the truss diagram 
should be of such size as will permit accurate determination of the 
slopes of all members. For the streas diagram, since stresses are com- 
monly recorded to the nearest 500 pounds of value, a scale of 1 inch == 
4000 pounds is usually satisfactory. When the truss and loading are 
symmetrical, the streas diagram will also be symmetrical, and only one- 
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half of this diagram need be constructed; however, the stress in such a 
member as A 4 in Fig. 69 or A7 in Fig. 70 should then be computed ana- 
lytically as a check on the accuracy of the graphical work. 


Fig. 71. 


5000# 



Graphical Analysis of Stress. Fink Roof Truss. Substitute Member 
Method. 


61 Roof Trusses — ^Live-Load Stresses 

Live loads on roofs consist primarily of snow, ice, and \ymd pressure. 
In addition, loads such as shafting, balconies, and hoists are frequently 
suspended from the roof truss. The stresses must be determined for 
each such load, and, if it is one which may vary in position on the struc- 
ture, the effect of such changes in location must be taken into account. 

Snow and ice loads are usually regarded as applied uniformly over 
i!he entire roof surface and therefore produce effects similar to dead load. 
The stresses due to these loads may, therefore, be found by proportion. 
Thus, for the truss illustrated in Fig. 69 (see the typical roof problem in 
Article 57 for construction data), stresses due to ice or snow loads may 
be determined as in the following example. 
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Example 1 

Ice load = 10 lb per sq ft of roof surface 

Snow load = 8 lb per sq ft of roof surface 

Total ice load = 10 X 27.95 X 2 X 16 = 8900 lb 

Total snow load = 8 X 27.95 X 2 X 16 = 7200 lb 

Total dead load = 14,700 (see Article 58) 

Ice-load stress = -rir X (dead-load stress) 

Snow-load stress = X (dead-load strass). 

For the given truss, the stresses in individual members are recorded in Fig. 74. 


The force of the wind is generally e.xprossed in terms of pressure 
exerted against a vertical plane surface, and this in turn is reduced to an 
equivalent pressure normal to the windward roof surface. Although 
recognized as an erroneous practice, the suction present on the leeward 
side is commonly neglected.- Based upon a wind intensity of 20 pounds 
per square foot against a vertical plane (corresponding to a wind velocity 
of about 80 mph), the pressure on the windward roof surface of the roof 
of Example 1 would be as follows: 


Example 2 ^ ^2 5 


Length of rafter 


Sin a = 


2^5 

27.95 


= 27.95 ft 
- 0.45 


Using Duchemin’s formula (see Article 18), the pressure on the windward roof 
surface is 

Pn = 20 - 15 lb per sq ft 


Total wind force = 15 X 27.95 X 16 = 6.71 kips 
Joint load = 15 X 9.31 X 16 = 2.23 kips 


If one end of the truss is free to move horizontally, the entire horizontal com- 
ponent of the wind force must be resisted at the opposite support. The vertical 
and horizontal components of the total wind force are 


Wv 


25 X 6.7 
27.95 


6.0 kips 


Wh 


12.6 X 6.7 
27.95 


3.0 kips 


*8ee Fifth Progress Report of Subcommittee 31, Proceedings Am. Soc. C. E.^ 
March, 1936, p. 398. 
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Wind acting left to right (Fig. 72a) 

Right reaction 

Vertical component = ^ ~ 

Horizontal component = 3 kips 
Left reaction = 6.0 — 1.9 = 4.1 kips 



Fig. 72. Wind Loads and Reactions. 


Wind acting right to left (Fig. 726) 

Left reaction =1.9 kips 
Right reaction 

Vertical component = 6.0 — 1.9 = 4.1 kips 
Horizontal component = 3.0 kips 


The graphical analysis of stresses is performed in the manner outlined in 
Article 60 (Fig. 73), and the summary of stresses due to assumed combinations 
of loading is shown in Fig. 74. 


6 



(a) 


6 



Wind acting left to right. Wind acting right to left. 
Fig. 73. Stress Diagrams. 


62 Roof Trusses — Combined Stresses 

The stress in each member having been determined for each loading 
which may act on the structure, consideration must then be given to the 
manner in which these loadings and corresponding stresses may be com- 
bined. This is a matter which entails the application of common sense 
and judgment in order to arrive at logical results. Thus it would not 
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Exp. La 

Lx Z>t Li Lx Li 

50ft 


(Trusses spaced 16 ft centers) 


Loads: 

Dead Load (D. L.) per joint « 2.4 kips 
Ice = 10/ □' of roof surface 
Snow = 8/n' “ 

Wind = 20/D' on vertical plane 

Combinations: 


Case I. D. L. + Ice 4- Snow 

(Trusses spaced 16 ft centers) IL D. L. -f Ice + Snow + i Wind 

III. D. L. + Ice + Wind 

IV. D. L. -f Wind 


Stress in Members 4- Denotes Tension 

(Kips) ~ “ Compression 


Mem- 

ber 

D. L. 

Ice 

Snow 

Wind 

Combined Stresses 

L to R 

R to L 

Case I 

Case II 

Casein 

Case IV 

LoLi 

4-12.0 

4-7.3 

4-5.9 

+5.7 

4-3.8 

4-25.2 

+28.1 

+25.0 

+17.7 

LiU 

4-12.0 

4-7.3 

4-5.9 

4*5.7 

4-3.8 

4*25.2 

+28.1 

+25.0 

+17.7 

LtU 

4- 9.6 

4-5.8 

4-4.7 

4-3.2 

4-3.8 

H-20.1 

+22.0 

+ 19.2 

+13.4 

LiL^ 

4- 9.6 

4-5.8 

+4.7 


4-6.2 

4-20.1 

+23.2 

+21.6 

+15.8 

LJj^ 

4-12.0 

4-7.3 

+5.9 

-hO.8 

4-8.7 

+25.2 

+29.6 

+28.0 

+20.7 

ULt 

4-12.0 

4-7.3 

4-5.9 

4-0.8 

4-8.7 

+25.2 

+29.6 

+28.0 

+20.7 

LoUi 

-13.4 

-8.1 

-6.6 

-6.9 

-4.2 

-28.1 

-31.6 

-28.4 

-20.3 

UiUi 

-10.8 

-6.5 

-5.3 

-5.3 

-4.2 

-22.6 

-25.3 

-22.6 

-16.1 

UiUi 

- 8.0 

-4.8 

-3.9 

-3.6 

-4.2 

-16.7 

-18.8 

-17.0 

-12.2 

UzUa 

- 8.0 

-4.8 

-3.9 

-4.2 

-3.6 

-16.7 

-18.8 

-17.0 

-12.2 

UaUa 

-10.8 

-6.5 

-5.3 

-4.2 

-5.3 

-22.6 

-25.3 

-22.6 

-16.1 

UtLt 

-13.4 

-8.1 

-6.6 

-4.2 

-6.9 

-28.1 

-31.6 

-28.4 

-20.3 

UiLi 

0 

0 


0 

0 

0 

0 

0 

0 

UiLt 

- 2.7 

-1.6 

-1.3 

-2.8 

0 

- 5.6 

- 7.0 

- 7.1 

- 5.5 

UiLi 

4- 1.2 

4-0.7 

4-0.6 

4-1.3 

0 

+ 2.5 

+ 3.2 

+ 3.2 

+ 2.5 

UiLi 

- 3.4 

-2.1 

-1.7 

-3.5 

0 

- 7.2 

- 9.0 

- 9.0 

- 6.9 

UiLi 

4- 4.8 

4-2.9 

4-2.4 

4-2.5 

4-2.5 

+10.1 

+11.4 

+10.2 

+ 7.3 

LiUA 

- 3.4 

-2.1 

-1.7 

0 

-3.5 

- 7.2 

- 9.0 

- 9.0 

- 6.9 

UaLa 

+ 1.2 

4-0.7 


0 

4-1.3 

+ 2.5 

+ 3.2 

+ 3.2 

+ 2.5 

LaUa 

- 2.7 

-1.6 

-1.3 

0 

-2.8 

- 5.6 

- 7.0 

- 7.1 

- 5.5 

UiU 

0 

0 

0 

0 

0 

0 

0 

0 

0 


Fig. 74. Summary of Stresses in Roof Truss. 
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be logical to combine wind forces of maximum intensity with full snow 
load as such a wind would probably blow the snow off the roof. 

Typical combinations of roof loads for the roof used in previous 
examples and the resulting combined stresses due to these load com- 
binations are shown in Fig. 74. The maximum combined stresses are 
used in the design or final analysis of the structure, due consideration 
being given to the symmetry of the structure. Careful consideration 
must also be given to possible reversals of stress in members. Thus a 
given member may for one condition of loading carry tension while for 
a different combination the stress may be compression. Such reversals 
of stress must be noted and the members designed for the maximum of 
each kind of stress. 

In the given example, the maximum stress in each member occurs 
under Case II loading except for U 1 L 2 which is determined by Case III, 
and there are no reversals. The stresses given by Case I will probably 
control the design of this structure, however, since accepted practice 
permits a 33^ per cent increase in allowed unit stress when wind force 
is included. 

63 Mill Bent — Hinged Column Bases 

In the construction illustrated in Fig. 61, the lateral or horizontal 
component of the wind force must be resisted by one of the walls sup- 
porting the roof. This means that a force of considerable magnitude 
will be applied horizontally to the top of the wall, and the stability of 
the entire construction will depend upon the ability of the wall to*resist 
such a force. Walls of substantial construction, such as brick or con- 
crete, will ordinarily be re(iuired, except for very short span roofs, and, 
to increases their stability further, pilasters are frequently included in 
the wall construction. 

It is frecjuently desirable, particularly for shops and simple mill con- 
struction, to use relatively inexpensive wall construction and support 
the trusses on columns designed to resist the horizontal wind forces. 
The most common arrangement is to attach the end of the truss to the 
top of the column and connect the nearest lower-chord joint to the 
column at a point near the top by a knee brace, as at a in Fig. 75. For a 
flat roof as shown at 6, the knee braces may be omitted. In this type of 
constmetion, the columns are attached to footings which must be capable 
of resisting the horizontal wind force in addition to supporting the verti- 
cal loadings. Depending upon the rigidity of the connections of columns 
to footings and the resistance of rootings to overturning, the columns 
may be considered as either hinged or fixed at their bases. The criterion 
is the rigidity of the base, and, since the fulfillment of the assumption of 
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fixity requires that there be no movement whatsoever of the bases or 
footings, the columns should be assumed to be hinged unless it is certain 
that definite fixity exists. 




Fio. 75. Mill Bent. 


The action of a bent with hinged column bases under lateral force is 
illustrated in Fig. 76. If we assume no lateral loading applied to the 
columns and neglect any distortion of the truss and knee braces, the 
upper end of each column will remain vertical, and each hinge will de- 
flect the same amount relative to the top of the column. If the windward 
column is considered as a free body as at 6, it will be acted upon by the 
resistance offered by the truss, represented by components Pi and P 2 I 
by the force S in the knee brace; and by the reaction at the hinged base, 
represented by components Vl and Hl- The forces on the column may 
be divided into two groups: force Pi applied at a, Sy applied at 6, and 
Vl applied at c are axial forces producing compression but not con- 
tributing to the initial deflection; force Pg acting at a, Sh acting at 6, 



Fio. 76. Mill Bent. Hinged Column Bases. 


and Hl acting at c are transverse forces which induce bending. Usually 
the distance k will be less than one-fourth the length of the column, and 
the elastic curve of the column may be assumed to remain vertical at h 
without introducing excessive error for the comparative purpose here 
employed. Based on this assumption, deflection Dl will equal that of a 
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cantilever fixed at h and loaded with a force Hl at its extremity; hence, 
for the left-hand column, where II = moment of inertia of column sec- 
tion, 

Dl = liiHl (approx.) f83) 

SEIl 


Tn a similar manner, for the right-hand column, 


. HrII 

(84) 

and since 



1! 



Hr llh 
Hr i\lR 


(85) 

H,^ + Hr = W„ 


(80) 

Hl = Wn 

lilt 

(87) 

.1\Il + 1\Ir. 

Hr = Wh 

l\ht ] 

(88) 

-f2^L + 1\Ir- 

When the columns are of the same section and length. 

II 

II 

(89) 


With the values of Hl and Hr determined as above, the values of 
Vl and Vr are computed from the equation for SM = 0, applied to the 
entire structure choosing moment centers successively at the supports. 
For the column as a free body (Fig. 7()6) 


With moment center at b 

_ ihh 
k 

(90) 

With moment center at a 

^ HlHi + k) 
s„- ^ 

(91) 

From the known slope of the knee brace 


(m) 

(92) 

From SF = 0 

Pi = Fl + Sp 

(93) 


A similar procedure is followed for the leeward column. 
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Stresses in the roof truss may now be determined as described in 
Article 60, noting that forces Pi and P 2 constitute the components of 
the reaction at the end joint of the truss, and the force S in the knee 
brace acts as a load applied at the joint to which it connects. Unit 
stresses in the column are determined from the bending-moments, 



Fia. 77. Mill Bent with Hinged Column Bases. Typical Solution. 


shears, and axial stress in portions ah and of Fig. 766. The complete 
solution of a typical mill bent with hinged column bases is shown in 
Figs. 77 and 78. 

When the exterior walls are supported by girts attached to the col- 
umns, the wind pressure on the windward wall is transmitted directly 
to the column. It is usually considered as a horizontal uniformly dis- 
tributed load over the length of the windward column, and account must 
be taken of this load condition on the windward column in writing the 
deflection equations. 
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Force Polygons 


Fig. 78. Mill Bent with Hinged Column Bases. Stresses in Roof Truss. 

64 Mill Bent— Fixed Column Bases 

The action of a bent whose columns are fixed at their bases is illus- 
trated at a in Fig. 79, where it is assumed that the column base and the 
attachment of the column thereto are sufficiently rigid to hold the column 
axis, at the bottom of the column, in its original position. Neglecting 
the distortion of the truss and knee braces, points a and h will remain 


!/ I ^ Points of Contraflexure 
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in a vertical line and the column will be bent in the form of an S curve, 
the bending-moment reversing at some point d, between the foot of the 
knee brace at b, and the column base at c. At point d, therefore, the 
bending-moment in the column must be zero, and this point is known 
as the point of contraflexure. For purposes of analysis, the columns are 
assumed cut at the points of contraflexure and hinges inserted as at 6. 
The portion of the structure above these imaginary hinges may then be 
solved as a bent with hinged column bases and the portion of the columns 
below the hinges solved as a vertical cantilever beam with forces H and 
V applied at its free end. 

K the column is considered as a free body (Fig. 80), the external 
forces will consist of the components of the truss reaction Pi and P 2 
acting at a; the stress S in the knee brace acting at b; and the shear H, 
direct force F, and couple Me acting on the base section of the column. 
These external forces and couple will produce the bending-moment and 
shear diagram showm. If it is assumed that points a and b remain in a 
vertical line and that the tangent to the elastic curve at c remains verti- 
cal, the deflection of points a and b, respectively, with respect to the 
tangent at c may be computed by area-moments as follows (column of 
constant section) : 


Di = deflection of a with respect to tangent at c 


Hml 


Hmk 


{\l + A;) H — (§/:) 


Hnl 


(fi + h) 


2 ^ 2 " 2 
D 2 = deflection of b with respect to tangent at c 


Since Di = D 2 


Hml , Hnl ^ 

— (io - — m 


ml mk nl 

1 = 0 

2 3 2 


Substituting n = I ^ m and solving for m gives 


1 

m = - 

2 




(94) 


(95) 

(96) 


(97) 


From Equation 97 it is seen that for a column of constant section, the 
position of the point of contraflexure depends upon the ratio of k to 1. 
Since this ratio is usually small (generally less than one-fourth), it is 
customary to neglect it entirely and assume that 

m — n ^ \l 


(98) 
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The foregoing equations take no account of any lateral load on the 
columns. When the construction is such that the side walls are sup- 
ported directly by the columns, a uniformly distributed load must be 
included in the forces acting on the column and the bending-moments, 
shears, and deflection equations altered accordingly. 



Fig. 82. Mill Bent with Fixed Column Bases. Stresses in Roof Truss. 


The complete solution of a mill bent with column bases fixed is shown 
in Figs. 81 and 82. 

66 Parallel-Chord Truss — ^Dead-Load Stresses 

Stresses in the members of a truss with parallel chords are best deter- 
mined by analytical methods utilizing the principles outlined in Article 
59. The application of these principles is illustrated in the solution of 
the following typical bridge truss problem: 

Example 1 

Highway Bridge — Span 150 ft, roadway width 20 ft 

Truss data — Riveted Pratt Truss, with parallel chords (Fig. 83) 

Spacing of trusses, 25 ft center to center 
Height of truss, 27 ft center to center of chords 
Sp)an 150 ft; 6 panels at 25 ft 
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Estimated weights 

Floor slab, stringers, and floor beams 
Bottom lateral bracing 
Top lateral bracing 
Trusses 


258.0 kips 
1.3 
6.6 
94.1 


Total weight of bridge = 360.0 kips = dead load 


Assume all dead load applied at lower-chord joints. 

Dead load (per truss) = i X 360 = 180 kips 
Joint load = 180 X ^ = 30 kips 

Reaction = 2| X 30 = 75 kips 



It will be noted that the half-panel loads at joints Lq and Lq have 
been omitted since they do not cause stress in truss members. They 
must be included, however, in the total load on the support. 

Because of the symmetry of both the truss and the loads it is neces- 
sary to compute stress only in the members on one side of the center of 
the span, since corresponding members on the other side w^ill receive 
the same stress in both kind and amount. 

. Chord stresses are determined by sectioning the structure successively 
in each panel and writing ISil/ = 0 for the forces acting on that part of 
the structure on one side only of the section. For a section through 
panel L2L^f and considering the part of the truss on the left of the sec- 
tion (Fig. 84a), the force S is obtained by writing SM = 0 with moment 
center at L3. A similar result would be obtained by using the portion 
of the truss on the right of the section as at 6. It will also be observed 
that the algebraic sum of the moments of the reaction and loads on 
either portion about L3 is the bending-moment on a* section through L3, 
and the force S must equal this bending-moment divided by the height 
of the truss h. Similarly, the stress in L2L3 equals the bending-moment 
on a section through U 2 divided by the height of truss. It can be stated 
in general that, whenever three members are cut by a section as in 
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Fig. 84, the stress in any member equals the algebraic sum of the moments 
of truss loads and reaction about the point of intersection of the other two 
members^ divided by the normal distance from centerline of the member to 
(his point of intersection. It may also be observed that, should the 
diagonal in this panel extend from L 2 to instead of as shown, the 
moment centers for top- and bottom-chord stress will reverse, i.e., stress 
in J 72 t ^3 equals bending-moment at L 2 divided by A, and stress in L 2 L 3 
equals bending-moment at Uz divided by h. 



Fiq. 84. 


Bending-moments are most readily computed by expressing values 
algebraically. Thus, for the truss of Example 1 (Fig. 83), 


Example 2 

Where W = joint load = 30 kips 
p = panel length = 25 ft 
h = truss height = 27 ft 

Reaction at Lo = 2 \W 
Bending-moments 

at Li, B.M. = 2\WV 

at L 2 , B.M. = {2\W X 2p) - Wp = mp 

at La, B.M. = {2W X 3p) - 2Wp - Wp = \\Wp 


Since 


The stresses are 


Wp 

h 


30 X 25 
27 


= 27.78 


Member Moment Center 
LqLi and L1L2 U\ 

L2L3 U2 

U1U2 U 

U2UZ La 


Stress 

2>^X 27.78 - +69.6 kips 
4 X 27.78 - +111.1 kips 
4 X 27.78 - -111.1 kips 
4H X 27.78 - -126.0 kips 


Stresses in the diagonals of parallel-chord trusses are usually deter- 
mined by passing a section perpendicular to the chords and equating the 
algebraic sum of reaction, loads, and stress components, parallel to this 
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Courtesy American Bridge Co. 

Hetch Hetchy Pipe Line Bridge across Dumbarton Straits near Redwood City, California. Thirty-six Riveted PVatt Truss Sf>ans. 

Each Span 105 Feet. 
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section, to zero. The algebraic sum of reaction and load components 
parallel to such a section is the transverse shear and, in a truss with 
horizontal chords, is the vertical shear. 


Example 3 

Passing a vertical section through panel L 1 L 2 of the truss in Fig. 83 and con- 
sidering the part on the left of this section as in Fig. 85 gives 

Sv = vertical shear in panel L 1 L 2 = 75 — 30 = 45 kips 


From similar triangles 


5 = S„ X ^ = +61.3 kips 


It is important to note the kind of shear as this determines the kind of 
stress, tension, or compression produced in the diagonal. Positive shear 
(down on right of section, Fig. 86) will cause tension in a diagonal 





sloping downward to the right as does U 1 L 2 . Negative shear will pro- 
duce stress of the opposite kind. These stresses will be reversed for 
members sloping in the opposite direction. 

Shears produced by vertical loads can be readily computed by start- 
ing with the shear in the center panel or the one adjacent to the center 
of the span and progressing toward the reaction. 


Example 4 (Fig. 83) 

Panel load, IF = 30 K 
Shears 

Panel V = +iW = + 15 K 

Panel L 1 L 2 V = 4-lJIF = -f 45 K 

Panel LoLi V = +2iIF = + 75 K 

(Shears for a truss having an odd number of panels are shown in Fig. 87.) 
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Example 5 
Since 


Stresses 


Fig. 87. 


Wh' 

h 


30 X 36.8 
27 


40.89 


LoUi = 2| X 40.89 = -102.2 kips 
U 1 L 2 = l l X 40.89 = 4-61.3 kips 
U^Lz = ^ X 40.89 = 4-20.4 kips 


Stresses in the verticals are best determined by analysis of joints. 
Thus, considering the forces acting at joint Li, 


Stress i'lLi = 4-30 kips 

If the forces acting at joint U 2 are considered, the magnitude of stress 
U 2 L 2 is the .same as the vertical component of and it acts on U 2 

in the opposite direction; hence 

Stress U 2 L 2 = I X 30 = —15.0 kips 

It should be noted that the above stre.ss in U 2 L 2 would be increased by 
the amount of the joint load, if any, at 1 / 2 - 



For a truss of the Howe type (Fig. 88), the chord stresses would be 
computed from different moment centem, also the kind of stress in 
diagonals would be reversed. 
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66 Parallel-Chord Truss — ^Dead-Load Stress Coefficients 


The method of coefficients is particularly useful and rapid for comput- 
ing dead-load stresses in the members of horizontal-chord trusses when 
the panels are of equal lengths. It is essentially one of individual joint 
analysis, the horizontal and vertical components of stress in each mem- 
ber being equal to the product of a coefficient and a multiplier. Its con- 
venience lies in the fact that, for any given stress, the coefficients for its 



\Vh' 

h 


Fig. 89. 


horizontal component, vertical component, and the stress itself are all 
equal, the different values of these forces being 
determined by the use of different multipliers. 
All horizontal forces in the truss will hence have 
a common multiplier; all vertical forces a com- 
mon multiplier; and all diagonal forces a common 
multiplier. 

With reference to the truss in Fig. 83 it will 
be noted that, since the stress in each chord mem- 
ber equals the bending-moment at a particular 
joint divided by the height of truss, the (quantity Wp/h will appear in 
each strevss computation and hence is a common multiplier for all chord 
stresses; likewise the (piantity \Vh' /h appears in all diagonal stress 
determinations and is a common multiplier for all diagonal stresses; 
the quantity W is a common multiplier for the stress in all verticals. 
If a typical diagonal is considered, as, for example, U\L 2 (Fig. 85), the 
stress and its components will have the values shown in Fig. 89. Similar 
relations will exist between the stress and components of stress for all 
the other diagonals. The procedure Ls illustrated by the following 
example. 


Example 

Starting with the diagonal in the center panel (in trusses witli an even numl^er 
of panels, the panel nearest the center), we write the (H)efficients for stress suc- 
cessively for U 1 L 2 , and LqUx (Fig. 90). The kind of stress, tension or 



Fig. 90. Coefficients. 
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compression, is indicated by the conventional signs + and — , respectively, 
placed before the coefficients. Individual joints are next considered as follows: 

Joint Lq 

"Wj) 

Stress LoLi = horizontal component of stress Lot/i = 2 \ 

Coefficient LqLi = + 2 | 


Joint Li 


Wp 

Stress L1L2 = stress LqLi = 2 ^ 

h 

Coefficient L1L2 = -f 2 ^ 

Stress U\Li = load at Li = W 
Coefficient = + 1 

Joint Ui (Fig. 91 a) 

Stress U1U2 = sum of horizontal components of stress in LoUi and 




Coefficient U1U2 = 2 | + l| = —4 


fji ^ Stress Uj Ut 


Stress l/gU, 


; I '*5^ 




Joint U2 (Fig. 916 ) 
Stress U2UZ 


Fig. 91. 


= stress U1U2 plus horizontal component 


Coefficient U2US = 4 + | = — 4 ^ 

Stress U2L2 = vertical component U2L3 = 

Coefficient U2L2 = — ^ 

It should be observed that the coefficient for each member is obtained by 
combining those for the several members meeting at a given joint. Stresses 
are finally determined by multiplying these coefficients by the following com- 
mon multipliers: 

Wv 

Chords ^ 

It 


Diagonals 

It 

Verticals W 
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67 Inclined-Chord Truss — ^Dead-Load Stresses 

Stresses in the members of non-parallel-chord trusses are obtained by 
cutting the structure and establishing the equilibrium of one of the por- 
tions in the manner outlined in Article 59 . Thus, if we consider the 
truss in Fig. 92 and pass a cutting section through panel L1L2, the por- 
tion on the left of this section will be acted upon by the reaction, loads. 



and member stresses as shown in Fig. 93 . Since these forces are in 
equilibrium, the three equations of static equilibrium, 'ZH = 0, 2F = 0, 
and SM = 0, will furnish a solution for the unknown forces Su ^2y and 
1S3. Instead of these equations, however, it is best to use three separate 
moment equations, noting that the equilibrium of any system of co- 
planar forces is established when their moments, with respect to any 
three separate moment centei’s, are respectively equal to zero. If one 
of these moment centers is chosen at c, the moment of S2 and will be 
zero, and this will provide a direct solution for ; with another moment 


6 



center chosen at d, *Si and S2 will be eliminated, and this will provide a 
direct solution for S3; with the third moment center at a, Si and S3 will 
be eliminated, and a direct solution will be provided for S2. It will be 
seen that the moment of the reaction and loads about moment center c 
will be the bending-moment at this point; also the moment of the reac- 
tion and loads Avith respect to moment center d will be the bending- 
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Inclined Chord Truss. 


moment at this point. It therefore follows that the chord stresses will 
be based on bending-moments at the joints and are determined by 
dividing the bending-moment by the perpendicular distance from the 
chord to the joint. Similarly, the stres.s in the diagonal will be obtained 
by dividing the moment of the reaction and loads about the point of 
intersection of the chords by the perpendicular distance from the diago- 
nal to this point. The distances needed for these computations are 

liCngth oi dg = \/ + (7^2 — /h)“ (99) 

fc gc 

From similar triangles gfr and gkH — = — 

dk dg 

ph<> 

r = (100) 

length of dg 

ah ac 

From similar triangles ahe and dec — = — 

ed dc 

hi X ac 


( 101 ) 
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The distance v is computed from the slope of the chord {hi — h^) per 
panel. Typical dimension computations for a symmetrical truss with 
inclined top chord are shown in Fig. 94. 



UyUi = V(25)*+ (S)** - 25.5' 


141 /, = V(25)*+ (2)2 •25.1' 


Vi-4p 


. 25x6p 
35.4 

30Xl6p 


4.24 p 




25X30 

n • ■ " • 29.4' 


25.5 

. 25X32 
25.1 


- 31.9' 


Fia. 94. Inclined Chord Truss. Dimensions. 


Typical dead-load-stress determinations for the truss shown in Fig. 94 
are as follows: The truss is symmetrical about center and carries a load 
of 30 kips at each bottom-chord joint. 


Example 
Stress LoUi 

This is computed in the same manner as for the similar member of a parallel- 
chord truss. 

Shear in panel LqLi = 2\W = 75 kips 

Stress LqUi = 75 X 1.414 = —106.0 kips 


Stress U 1 U 2 

Bending-moment at L 2 = 4Wp 

• Stress ViUt = ^ = 

ri 

Stress L 2 L 2 

Bending-moment at C /2 = ^Wp 
^Wp 


4 X 30 X 25 
29.4 


= — 102.0 kips 


Stress LzLz 


h2 


4 X 30 X 25 
30 


4- 100.0 kips 
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Stress U 1 L 2 

Section taken through panel L 1 L 2 : consider forces on left of section as in 
Fig. 93. 

Moment about Gy = (2iW X 4/>) — (IF X Sp) 

- ^Wp 

cj. 77 7 5Wp 5 X 30 , oe 1 • 

Stress U 1 L 2 = j-r— = - - ; - = +35.4 kips 
4.24/) 4.24 

Stress U 2 L 2 

Section taken through UiU 2 y U 2 L 2 , and L 2 L 3 ; consider forces on left of section 



Moment about Ma = — (2|Tr X 4/)) + X 5/)) + (TF X 6 p) 

= W p (clockwise) 

]Fr) 30 

Stress U 2 L 2 = -TT- - ir - +5.0 kips 

bp b 

Stress UzLz 

Considering joint Uz, it will be seen that the stress in UzLz must equal the 
sum of the vertical components of stresses in members U 2 Uz and UzU^. Since 
VzUz and UzU\ have equal dead-load stress, the stress in UzLz will equal twice 
the vertical comjionent of UzUz and will be tension. 

68 Parallel-Chord Truss — ^Live-Load Stresses in General 

Stresse.s caused by a given live load are determined by the same funda- 
mental method.s that are employed for dead load, when the magnitude 
and position of the live load have been established. The only new ele- 
ment introduced in the problem is that of locating the live load on the 
structure. It should ahvays be remembered that the main objective of 
a stress analysis is the determination of the maximum force which is 
exerted on each member of the truss due to any rational combination of 
loads. It is important to note that not only is the numerical magnitude 
of force essential, but the kind, tension or compression, must also be 
determined, and the maximum stress of each kind is therefore the ulti- 
mate aim. Some members will ahvays be subjected to the same kind of 
stress whatever the loading; others may carry tension for a given loading 
or load position and compression for another loading or load position. 



148 


TRUSSES 


In such cases the maximum numerical value of each kind of stress must 
be found. These opposite kinds of stress in the same member are com- 
monly called maximum and minimum stress. 

In locating the live load on the structure, consideration must be given 
to its position laterally with respect to the given truss as well as longi- 
tudinally in the span. Obviously, the closer the loading is located to 
the truss, the greater will be the loads delivered to the truss by the floor 
system and the greater the effect on the members of the truss. Thus in 
a highway bridge, the members of one truss will have maximum stress 
from truck loading when the wheels are against the curb adjacent to that 
truss. Having located the live loads laterally in order to produce maxi- 
mum effect on the truss, the proportionate parts of the live loads may be 
assumed as delivered directly to the truss and these truss loads are then 
located in the span length of the truss in order to produce the desired 
maximum effect on a given member. 

As previously outlined for dead load, stresses in the members of 
parallel-chord trusses are derived from the following sources: chords — 
bending-moment at panel points (joints); web system — shears in the 
several panels except particular types of members, such as hangers 
(UiLi) and posts where the joint-load or floor-beam reaction 

determines the stress. It therefore follows that, for maximum stress 
in a given chord member, the live loading must be placed so as to pro- 
duce maximum bending-moment at a particular section in the span. 
For maximum stress in a web member, the loads must generally be placiKl 
to produce either maximum positive shear, for one kind of stress, or maxi- 
mum negative shear, for the oppasite kind of stress. For members such 
as hangers, the loads must be placed to produce maximum joint load at 
the appropriate panel point. The principles relating to the placing of 
loads for maximum bending-moment or shear at given sections of a 
structure have been discussed in Chapter 4. 

69 Parallel-Chord Truss — ^Uniform Live Loading 

Consider the highway truss bridge described in Example 1 of Article 
65 (Fig. 83), and assume the live load as a uniform load of 100 pounds 
per square foot distributed over any part or all of the roadway. Obvi- 
ously, maximum stresses in both trusses will occur when the load covers 
the entire width of roadway. Since every load placed on the span pro- 
duces positive bending-moment on all sections of the structure, the 
maximum bending-moments on all sections will occur simultaneously 
when the uniform load extends over the entire span. This will produce 
a load condition similar to dead load, and the live-load stresses may be 
computed in exactly the same manner as for dead load. If the dead- 
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load stresses have been previously determined, the live-load stress can 
be most readily found by multiplying the dead-load stress by the ratio 
of live load per foot of span to the dead load per foot of span, thus 

Example 1 

Width of roadway = 20 ft curb to curb 

Load on each truss = 100 X 20 X ^ = 1000 ib per linear ft 

Dead load per foot of span = = 2.4 kips 

Live load per foot of span = 100 X 20 = 2.0 kips 

2 0 

Live load chord stress ^ ^ (D.L. stress) 

2 X 111 1 

Live load stress U 1 U 2 = ^ ^ = —92.6 kips 

Live-load stresses in other chord members are determined in a similar manner. 

Maximum live-load stress in diagonal U 2 L 2 , will occur when the shear 
in panel L2L3 is maximum. Since positive shear will produce tension in 
this member and negative shear compressive stress, both conditions 
must be investigated. For placing the load, influence lines as discussed 
in Article 41 offer the best solution, and the influence line for shear in 
this panel is shown at 6 in Fig. 96. The zero point in this influence line 



is 15 ft from L3, and for maximum positive shear the uniform load should 
extend from this point to Le as shown on the truss diagram. 

Example 2 

Maximum positive shear panel L2L3 =1X5X90X5 = 22.5 kips 

36 8 

Maximum live-load tension C/2L3 = 22.5 X — ^ = +30.7 kips 
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Maximum negative shear will occur when the other segment of the span is loaded, 
thus 

Maximum negative shear in panel L 2 L 3 = lXiX60Xi = 10 kips 

36 8 

Maximum live-load compression C/ 2 L 3 = 10 X = —13.6 kips 

When influence lines are used to compute the stress, it is of course 
unnecessary to determine the individual joint loads. To compute the 
stress directly from the loading shown at a in Fig. 96, it is necessary to 
determine the truss reaction at Lq and the joint load at L 2 , since these 
are the only external forces on the left of a section through panel Z/ 2 L 3 , 


Example 3 


Reaction at Lq 
Joint load at 


1 X 90 X 45 
150 

1 X 15 X 7.5 
25 


27.0 kips 


4.5 kips 


Shear in panel L 2 L 3 = 22.5 kips 

Live-load stresvses in the other diagonals are found in a similar manner. 
It may be noted that the end diagonal LoU\ will always be in com- 
pression and will receive maximum stress when the uniform load extends 
over the entire span. The stress in this member may therefore be deter- 
mined from the dead-load stress in the same manner as outlined for the 
chord stresses. 

The stresses in verticals such as 7 / 2^2 are best derived from the fact 
that they carry the vertical component of the stress in that diagonal 
with which they are paired at unloaded chord joints. Thus f " 2^2 carries 
the vertical component of stress 1 / 2 ^ 3 , in this case the shear in panel 
Z/ 2 Z/ 3 . Tension in U 2 L 2 produces compression in 112^/2] compression in 
U 2 L^ produces tension in U 2 L 2 ] therefore 

Example 4 

Maximum compression U 2 L 2 = —22.5 kips 

Maximum tension U 2 L 2 — +10.0 kii^s 

The live-load stress in UiLi will always be tension and e(|ual to the joint load 
or floor beam reaction at Li. 

Maximum stress t/iLi = 1 X 25 = +25.0 kips 

The live-load stress for of the given truss will be zero. 

Maximum and minimum stresses for all the members of this truss 
are shown on the truss diagram in Fig. 97. It will be observed that, 



PARALLEL-CHORD TRUSS— UNIFORM LIVE WADING 


151 


because of the symmetry of the truss, it is necessary to compute the 
stress in one-half of the truss only. 

A conventional method is sometimes employed for computing live- 
load stress in the web members of comparatively small trusses for uni- 
form loading. In this method panel loads are computed for the live load 
extending over the entire span, and as many of these full panel loads are 
placed at loaded chord joints as will produce maximum shear of either 
kind. Thus for maximum positive shear in panel L2L3, joints L3, L4, 


Ui - 92.6 U2 -104.21/3 -104.2^4 -92.6 


c\i 

-22.5 

+ 

A / 

WRi 
/ I 

4-10.0 

s ^ 

4- \ 

X +57.9 

1 4-57.9 

4-92.6Ns 

/ -1-92.6 

1/4-57.9 1 

4-57.9 \ 


Lq L\ L‘i L3 L4 L5 Lg 


Fig. 97. 


and L5 would be loaded. Since the shear for such a loading will equal 
the reaction at Lo, the value is most readily found by adding the amounts 
contributed to this reaction by each of the joint loads; 

Example 5 

W = panel load = 100 X 20 X 25 X | = 25 kips 
Rl = IW + W + W 
= fir = 25 kips 

The corresponding stress in U 2 LZ would be 

36 8 

Stress U 2 L 3 = 25 X = -1-34.1 kips 
hi 

Similarly, the maximum compressive stre^^s would be obtained by placing panel 
loads at joints L\ and L2. 

Maximum negative shear = reaction at Le 

Rh = (i + l)H' = 12.5 kips 
36 8 

Stress I 72 L 3 = 12.5 X ~ 17.1 kips 

By comparison with the exact values previously determined, it will be 
seen that this method produces stresses greater than the true maximum 
values. 

The conventional method lends itself to rapid computation through 
the use of coefficients similar to those previously explained for dead-load 
stress (Article 66). In this procedure, a load is placed at L5 and the 
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corresponding stress coefficient written for L 4 U 5 ; next a load is added 
at L 4 and the coefficient due to both loads obtained for The 

successive coefficients are thus obtained by adding the simple fractions 

Ui Vt U 4 lA 




fin 

/ 

■B 



SI 


/ *** 

m 



Li Lz ^4 ^6 

Fia. 98 . 


which represent the proportionate part of the joint loads transmitted 
to Lq, When written clear across the truss, coefficients on members 
right of the center of span will be for minimum stress; those for mem- 
bers on the left half will be for maximum stress. Coefficients for verticals 
may be obtained from the diagonals which they meet at the unloaded 

Singl# Track R. R. Bridge 
Coopers E60 Engine Loading 

Ux U2 Ui Ua U^ 


Eoch trust carries bod 
on one roil or I/} oile 
loads. 


Stress f/iC/, 

Moment center it Lt 

Position of lood for. Mox. B. M. ot Ls 


H 

Loads o« 

Span 

w 

Kip* 

Wx 

(moi.) 


(ini»i.| 

choa 

Critica 

Pofition 

AdM 

Unif. 

Lead 

B 

1 . 18 

14 ’ 

468 

135 

156 

105 

■1! 


1 - 18 

28 ' 

510 

174 

170 

154.5 


B 

1. 18 

34 ' 

528 

193.5 

176 

174 

H 


B.M. at Lt 

Axle 7 ot ts : H 2S|^ (3 X 28 X ,14), ^ 


B.M. = (251 X 50} — 3230 = 9320 
AxU B ot Ls : ?jS46j.|426 X^t(3Xj4>0^ ^ 3 

B.M. = (271.8 X 50) 4280 = 9310 

Moximum Strew UxUt = = —345.2 Kips 

Fio. 99. 

chord (except verticals IJ\L\ and f/sLa, which are determined as pre- 
viously noted). Conventional live-load coefficients for the foregoing 
truss are written on the truss diagram in Fig. 98. 
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70 Parallel-Chord Truss — Concentrated-Load Systems 

Determination of stresses caused by systems of concentrated loads, 
such as a train of motor trucks on a highway bridge or locomotive axle 
loads on a railroad bridge, involve no new principles. Maximum stress 


(Somt trusi oi in Rg. 99) 

Stress UtLs 

Lnngfh of diogonol ss 36.8* 

Position of Lood for Mok. + Skeor Ponol 


Mm 

Loads Oi 

Span 

w 

Wt 

Wp 

w, 

Oioch 

t 

Ados 

Unif. 

Lood 

K!p. 

(mot.) 

-t 

(min.) 

Critical 

Position 

2 

mgm 

n 

348 

45 

58 

15 

— 

3 

1 

mm 

u 

367.5 

75 

61 

45 

mm 


A*U 3 ot L:i : ~ 

Joint Lood ot /.,= ^ = 13.8 


Sheer Ponel L^Li = +94.3 
Stress U>L^ =*94.3 x ^ = +128 5 Kip. 


Moiimum compression U>L-i will be produced with engine reversed in 
direction ond will be the some os moximum compression in with 

engine heoded right to left. 


Position of Lood for Mas. + Sheor ponel 

Try Aiie 2 ot — Asles I to 10 on spon. 

_ < M', (mos.) 45 

L (min.) 15 


W = 228 




No other position sotisfies criterion. 


- 49.4 kips 


Joint lood ot L s * * 4.8 

Sheor Ponel LiL% — +44.6 

Stress L^{]\ = 44.6 X = —60.8 Kips 
Summory: 

Moi. Stress V-iL^ or L'sV\\ Tension 128.5 Kips 
Compression 60.8 Kips 

StrMS V-iLt 

Stress SB Sheor Ponel Lg/.s 

Mas. Compression sx Mox. + Sheor Ponel LiLi = —94.3 
Max. Tension « Mox. — Sheor Ponel LtL^ = +44.6 

Fig. 100 . 


in the chords will occur when the loads are placed to produce maximum 
bending-moment at particular sections, and the method of placing loads 
for such effect has been discussed in Chapter 4. A typical stress com- 
putation for a chord member of a railroad truss bridge is given in Fig. 99. 
(For engine loading and use of moment table, see Article 17.) Maximum 
stresses which are derived from the shear are also determined by methods 
previously outlined. Typical stress computations for diagonal and ver- 
tical members are given in Fig. 100. 
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71 Inclined-Chord Truss — ^Uniform Live Load 

Since in each case the stress in a chord member is proportional to the 
bending-moment at a corresponding joint, it follows that, for a uni- 
formly distributed load, maximum stress ^vill occur simultaneously in 
all chords when the loading extends over the entire span. This produces 
a condition similar to dead loading, and the live-load stresses may be 
computed in the same manner as previously outlined for dead load. 
Chord stresses due to uniform live loading may also be obtained by 
multipljdng the previously computed dead-load stress by the ratio of 
live to dead load. 

The stress in such members as LqUi and UiLi'm Fig. 94 is also deter- 
mined in the same manner as outlined for similar members of parallel- 
chord trusses. 

Determination of the stress in diagonals such as U1L2 and f/2^3 
requires a different procedure from that employed for dead-load stress, 
since the stress in such members is not directly related to the shear in 
the panel, and for uniform live loading the influence line offei*s a simple 
solution. Thus, for the truss represented in Fig. 94 , pass a cutting sec- 
tion through panel L1L2, and consider the equilibrium of the part of the 
truss on the left of this section as at a in Fig. 101 . When a unit load is 



(a) Unit Load on Right (6) Unit Load on Left 

of Section of Section 

Fig. 101. 


placed on the structure at any point between L2 and Lb, the only force 
on the left of the section will be the reaction at Lq, and 


z 



where x = distance from to the unit load. 

This is therefore the equation of the portion of the influence line for 
stress in IJ\L2 corresponding to the distance between L2 and Le. 

When the unit load is placed on the left of the section, at any point 
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from Lq to L\y the forces on the part of the truss on the right of the 
section are as represented at 5, and 

, x'*(L + t;) 

o = 

Lz 

where x' = distance from Lo to unit load. 

This, therefore, is the equation for that part of the influence line 
between Lo and Li. 

When the unit load moves across the panel from Li to L 2 , there will 
be a straight-line transfer of load from one side of the section to the 
other, and the two lines for which equations have been written must 
therefore be joined by a straight line. 

Example 

The complete influence line for stress in U\L 2 of the given truss is shown at 
a in Fig. 102. 



The zero point is computed to be 15.5 ft left of L 2 , and for maximum tension 
a uniform load should extend from this point to Le. For a uniform live load of 
one kip per lineal foot of truss, the maximum and minimum stresses would be 
computed as follows: 

Maximum tension U 1 L 2 = 1 X 0.63 X 115.5 X 2 = +36.4 kips 

Maximum compression UiL 2 S — i X 0.39 X 34.5 X ^ = —6.7 kips 
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Maximum and minimum stress in U2L2 are obtained in a similar manner, the 
section being made through U1U2 and LiLz. The influence line for stress in 
this member is shown at 6. 

Maximum stress in is derived from the chord stresses at t/3 and will 
equal twice the vertical component of the maximum live-load stress in U2Uz- 



Hammerhead Crane at Fairfield Shipbuilding Co., Clyde, England. Lifting Capacity 

240 Tons. 


72 Inclined-Chord Truss— Concentrated-Load Systems 

The stresses in chord members are derived directly from bending 
moments at the joints, and the procedure for determining the position 
of a loading which consists of a series of concentrated loads is identical 
with that previously discussed for parallel-chord trusses. Maximum 
streas in such members as LoUi and UiLi (Fig. 102) is also determined 
in the same manner as for similar members of parallel-chord trusses. 

Diagonals of the type of [/2L3 and verticals such as U2L2 require a 
different procedure from that outlined for parallel-chord trusses. In 
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Fig. 102 a, the influence line for stress in C/1L2 indicates that L2 is the 
critical joint for loadings producing maximum tension. Following the 
same procedure as was given in Article 43 , and placing one of the con- 
centrated loads at joint L2, 

Wx 


Rl 


L 


where W 

Wi 

Wx 

Wixi 


Joint load at Li 


Wixi 

V 


sum of loads on span. 

sum of loads in panel L1L2. 

moment of all loads about 

moment of loads in panel L1L2 about L2. 


Let i = distance from Gi to Li. 


Wxv WiX\t 

S — — 

Lz pz 

The stress will therefore be maximum when: 


Wp /v\ < Wi (max) 

T" W > Wi (min) 

In a similar manner, it can be shomi that, for maximum stress in 
f/2Z/2> the loads must be placed in such position as to fulfill the same 
criterion. 


73 Counters 

In all the trusses used in previous examples, the dead load produced 
tension stress in the diagonals. It was also noted that, should the diag- 
onals be reversed in direction (as in the Howe truss, Fig. 59 g), the dead- 
load stress would also be reversed in kind. It has also been shown that 
the live load may produce either kind of stress, depending upon its 
location in the span. Should the live-load compression exceed the dead- 
load tension, the resultant final stress in the member would be compres- 
sion, and it would he necessary to design the member to meet this con- 
dition. Where rods or diagonals of a type incapable of resisting any 
appreciable compressive stress are used, it is important to determine if 
there is any possibility of such stress reversal. If such reversal does 
occur in trusses having diagonals of this type, it is neepssary to intro- 
duce counters in those panels where such conditions prevail. 

A counter is a simple tension member placed across the panel in the 
opposite inclination to the main diagonal. Thus, in the truss shown in 
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Fig. 96, a reversal of stress in U 2 LZ might indicate the need of a counter 
L 2 U 2 ] also in the truss shovm in Fig. 102, a member L 2 UZ would serve 
as a counter. 

It should be understood that counters are used only when the main 
diagonals are of a type which is ineffective for compressive stress. Thus, 
when the live load reverses the stress in such a member, it in effect re- 
moves it from the truss, and the counter, if present, will then take its 
place. 

Stresses in main members and in counters will therefore always be 
tension. Maximum stress in either is obtained by assuming the other 
removed and placing the loading in position to produce maximum ten- 
sion in the remaining diagonal. It should be noted that the dead-load 
stress in a counter is computed as a potential compressive stress for 
future combination with the live-load tension. If the resulting com- 
bination of stresses is compression, the counter simply does not act; 
otherwise the difference between live- and dead-load stress will represent 
the maximum tension in the counter. 

Example 

For the truss shown in Fig. 83, the dead-load stress in [/ 2 L 3 was determined 
to be -t-20.4 kips. The maximum live-load stress in this member for a load of 
1 kip per lineal foot of trus.s is shown in Fig. 97. For a live loading of two kips 
per foot, the live-load stresses would l)e 

Maximum L.L. tension' = -1-61.4 kii)s 

Maximum I^.L. compression = —27.2 kips 

The combined dead-load and live-load stress in the diagonal would be 

20.4 -f 61.4 == -1-81.8 kips 

20.4 - 27.2 = - 6.8 kips 

Now if U 2 LZ is incapable of resisting this compression stress, a counter L^Uz 
would be needed and U^Lz would be assumed to be removed when the counter 
comes into action in tension. The dead-load stress in the counter (assuming 
that it will ultimately act in tension and that UzLz is removed from the truss) 
would be computed as —20.4 kips; the live-load stress is +27.2 kips; and the 
combined live- and dead-load stress, -f- 6.8 kips. 

For inclined chord trusses, the stress in the counter is also computed 
with the main member removed both for dead- and live-load stress. It 
should be noted that, although the moment center is at the same point 
as for main member stress, the levfer arm of the counter stress is dif- 
ferent, and the stresses will not be of the same magnitude as those in 
the main member. 
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74 Deflection of Truss by Algebraic Summation 

Referring to the truss shown in Fig. 103, let it be assumed that the 
solid lines represent the initial or unstressed form of the truss. Let p 
represent the magnitude of an infinitesimal force applied at any joint C 
and acting in the direction of any desired component of such movement 
of point C as may be produced by the actual loads. Since p is infinites- 
imal, its contribution to the displacement of point C will also be infini- 
tesimal and may be neglected. This force will, however, induce stresses 
in the truss members which must be taken into account. With the 
force p acting, the given loading is now applied to the truss and, owing 



to the resulting stress deformations of its members, it will change form 
as indicated by the dotted lines in the figure with joint C moving to C'. 

Let D = Any desired component of the distance CC'. 

p = force of infinitesimal magnitude applied at C in the direction 
of D. 

u — stress in any truss member due to the force p. 

S — stress in any truss member produced by the given loading. 

L, A, and E represent the length, area of cross section, and modulus 
of elasticity for any member subjected to the stress aS. 


Since any member with stress S will change in length an amount SL/AE^ 
the force a which was acting on the member during this change will 
move through this same distance. The internal work in any member 
on account of the force p acting at C ^yill thus be SnLlAE. When the 
structure finally attains a position of equilibrium with joint C at C', 
the force p will have moved through the distance D and will have per- 
formed the total work pD. The total internal work is the sum of the 
amounts determined for each of the several truss members and, since 
total external work must ec[ual total internal work. 


E SuL 

s 

E SuL 

— 

AE 


and, when p = unity, 


( 102 ) 
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It should be noted that the stresses u are determined from the load p 
and are directly proportional to this load. The value of D is therefore 
independent of the value of p, and any convenient value can be used 
for this load, provided, however, that stresses u are determined there- 
from. 

To measure downward movement, the unit load p is assumed to act 
downward; if the movement left to right is desired, it is assumed to act 



Ux - 0 . 381 ^ -> 0.38 


/I 

/+0.19I 

o 

+0.19\ 

fi 

+0.5^ 

Lo 1 

0.25# 

.1 L 

'* > 

^ 0.754* 


(All members are Structural Steel — E — 30, 000, OCX)) 
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L 
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A 
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S 

kips 

u 
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SuL 

1000 A 

LoUi 

420 

17.5 

-30 

[ -0.31 

+223.2 

Lohi 
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10.5 

+18 

+0.19 

+ 82.1 

LiU 

252 

10.5 

+18 

i +0.19 

+ 82.1 

UiLi 
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14.0 

+32 

0 

0 

ViUi 

252 

10.5 

-12 

-0.38 

+109.4 

U2U3 
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10.5 

-12 

-0.38 

+109.4 

U1L2 

420 

17.5 

-10 

+0.31 

- 74.4 

UtU 

336 

14.0 

0 

0 

0 

LiVi 
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17.5 

+10 

-0.31 

- 74.4 

LtLt 

252 

10.5 

+ 6 

+0.56 

+ 80.6 

ULi 

252 

10.5 

+ 6 

+0.56 

+ 80.6 

ViLi 

336 

14.0 

0 

+ 1.00 

0 

UzL^ 

420 

17,5 

-10 

-0.94 

+225.6 

z \ 

. 


i 



+844.2 


0.02814 in. 

30,000,000 

Fig. 104. Truss Deflection. 


from left to right. With the unit load acting in the assumed direction 
of the movement, the corresponding stresses u are computed for each 
member of the truss and the value of SuL/AE obtained for all members. 
The algebraic summation of these values will then give the magnitude 
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of the joint movement in the direction of the unit load. A negative 
value of this summation indicates that the movement of the joint is 
opposite in direction to that assumed. It should be noted that the 
stresses S in each of the members must be the simultaneous values pro- 
duced by the given loading in a fixed position on the structure. Par- 
ticular attention must be given to the relative signs of S and u, since 
unlike signs (stresses) will produce negative values of corresponding 
terms in the summation. A typical computation for truss deflection is 
given in Fig. 104. 

Determination of the absolute maximum vertical deflection is a prob- 
lem involving matters beyond the scope of this book. Considering the 
general form of the deflection curve of the bottom chord, however, we 
may observe that the joint nearest the center of the span will either 
deflect the most or will have a deflection closely approximating the 
greatest deflection. It will also be observed by reference to the values 
shown in Fig. 104 that the chord members and end diagonals contribute 
the major part of the deflection and, since bending-moment is the factor 
producing stress in chords, the conditions of loading which produce 
maximum bending-moment will closely approximate that which produces 
maximum deflection. It is generally sufficiently accurate, therefore,, to 
place the loading on the span in such position as to produce maximum 
stress in the center chord member (or chord member nearest the center 
of the span) and determine the stress in all members of the truss for use 
in computing maximum deflection. 


PROBLEMS 

6*1 Two tracks a-s shown have wheels 6 ft apart and axles 14 ft apart and with 
values of wheel loads P * 16,000 lb, and P' = 4000 lb. Determine the joint loads 



for truss A and truss R, and for jointe 1 to 7 inclusive, when trucks are placed as 
shown. 
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6*2 Given: a through truss bridge with two lines of truck loading as shown. 
Determine: (a) The proportion of the two lines of trucks carried by truss A. (b) The 



panel loads in tons at Lo to inclusive of truss A due to these trucks when placed 
as shown. 

6*3 Place diagonals in the panels in such a manner that they will be acting in 
tension when a dead load of 1000 lb per ft is on the top chord. 












b 

CM 

II 

g 

^ 3@20' = 60' ^ 



6-4 Determine graphically the forces in the truss members. P « 4000 lb. 
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6-6 With the loading as shown, find the force in member L^Ua. 

rOK lOK lOK lOK 15K 20K 20K 20K 20K 20K 



6*7 Compute the forces in merafx^rs U 2 L 2 and L 1 L 2 . 

V, 



6*8 (a) Determine the maximum forces that may be induced in members LzUa 

and UaLa by a single moving concentrated load of 10,000 lb acting on the lower 


1^3 



chord. (&) Find the force in LiLi due to a load of 10,000 lb acting horizontally to 
the right at 


164 TRUSSES 

6*9 Determine the maximum bending-moment in the left column, the force in 
the left knee brace, and the forces in the members cut by section 1-1. 




6(^i>10' = 60' 


6*10 (a) Determine the value of P for a normal wind pressure against the roof 
of 18 lb per sq ft of roof surface for an 18-ft bay. (6) Compute the maximum bend- 
ing-moment in the colunm BEF. (c) Calculate the force in member OK. 


4@12'»48' 


Hinge 
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6 'll Draw shear and moment diagrams for the members AB and CD for the 
wind loads shown. Also find the force in member U 2 LZ. Trusses are spaced at 
15-ft centers. 



6-12 Assume that the horizontal shear is distributed equally to the two columns 
and a plane of contraflexure 15 ft abovt! the bases A and I), (a) Determine the reac- 
tions at A and D. (6) Draw the shear and bending-moment diagrams for columns 



AB and CD. (c) Determine the maximum direct force in column AB. (d) Deter- 
mine the forcas in members marked a, 6, and c. 

6*13 Based upon the usual assumptions for mill bents, determine the force in 
knee brace AB due to loads shown. 


10 K 
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6*17 The general dimensions and arrangement of a highway truss bridge are 
given in the sketch. Weights: trusses and bracing, 225,000 lb; reinforced concrete, 
160 lb per cu ft; stringers (each) 50 lb per linear ft; floor beams (each) 152 lb per 



linear ft. Determine dead-load force in all truss members, and indicate values on a 
diagram of the truss. {Note. All loads may be assumed applied at bottom-chord 
joints.) 

6*18 F or the highway bridge given in Problem 6-17, determine the maximum 
live-load force in meml)crs U 1 U 2 and l^Lz using an H20-44 lane loading. 

6*19 If the dead load is 2000 lb per ft of truss assumed to act along the bottom 
chord, what are the dead-load forces in members and C/4L4? 



6*20 If the live load on the truss in Problem 6-19 consists of ten concentrated 
loads of 10,000 lb each spaced at lO-ft intervals, what is the maximum live-load forci' 
in UiU 2 t and what is the maximum live-load tension in 
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6-21 Determine: (o) maximum tension, and (6) maximum compression caused 
in member LhLz due to one standard H20 truck. The trusses are simply sup- 
ported, and the truck may be headed in either direction on any part of the roadway. 



6*22 The Pratt truss shown is to be used for a singU^-track railroad bridge. 
[a) Using Cooper’s E-60 loading, determine the maximum live-load force in member 


u u, u, u, u, u, u, 



UzUz. (6) With a dead load of 1500 lb per ft of trass, determine the dead-load force 
in UzLfz- (c) Using a moving' uniform live load of 3000 lb per ft of truss, determine 
the maximum tension in (/2L3. 

6*23 If the live load consists of a uniform moving load of 4000 lb per linear ft 
applied along the bottom chord, determine the maximum tension and maximum 
compression in UiLi, UiLi^ UjDj, and U 9 L 9 . 


U, U2 1/3 1/4 1/5 Uz Uj Us U9 
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6 *24 The following loads are applied at the bottom chord joints: D.Zi. = 1000 lb 
per linear ft of truss; L.L. « 2000 lb per linear ft of truss, (a) Compute the dead- 
load force in C'lLi, U 1 C/ 2 , and U^Lz. (6) Determine the maximum live-load force in 


u, u, u, u, u. 



LqUij UiLif and U 1 U 2 . (r) losing influence line determine the maximum and mini- 
mum live-load force in UiLz. id) Based on computation in (a) and (c), indicate the 
force for which U 2 LZ should be designed. 

6*26 I^se a moving live load consisting of four concentrated loads of 10 kips 
(jach spaced 10 ft apart. Compute the maximum compression in U 2 UZ and the 
maximum tension in L^Uz. 



6*26 Determine the maximum tension in member U 1 L 2 due to a uniform moving 
live load of 2 kips per ft per truss. 



6*27 All loads are applied to truss at upper panel points, (a) Calculate the 
dead-load forces in members and U 2 L 2 for a dead load of 1000 lb per ft of truss. 



(6) Calculate the maximum live-load tension in member f/sLe for a moving uniform 
live load of 2000 lb per linear ft of truss. 
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6*28 Find the maximum force in the diagonals L^Ui and U^La for the moving 
concentrated loads shown. 



6*29 F'ind the maximum live-load force in f 3 » f 2 l^ 3 » an<l due to a uni- 
formly distributed live load of 2 kips per ft. 



6*30 Calculate the vertical deflection of point Lo under the loading shown. 
Gross areas of members are indicated by the figures in parenthesijs. E = 29,500,000. 




Chapter 7 


STABILITY OF MASONRY STRUCTURES AND 
FOUNDATIONS 


76 Definitions 

For the purposes of this book, masonry structures are defined to in- 
clude constructions of brick, stone, concrete, and like materials wherein 
units of these materials are arranged so as to be supported by other units 
or upon the earth. Thus a brick wall consists of brick units placed one 
upon the other to build up the desired form of construction; an ashlar 
masonry wall consists of squared pieces of stone placed one on another 
to form the wall; a voussoir arch is a more complex arrangement of 
stonework held in place by the pressure of each piece or voussoir against 
adjacent pieces, l^ridge piers and abutments are generally built as 
monoliths of concrete or reinforced concrete to support the superstruc- 
ture and transmit the loads to the foundation soil. Simple footings as 
placed under the columns of a building are generally masonry units of 
concrete or reinforced conciete designed to distribute the column load 
over the bed of the foundation. Retaining walls are masonry structures 
designed to resist the lateral pressure of a wall of earth. Dams and 
reservoir walls must resist lateral pressure of water or the liquid held 
back by the construction. 

76 Simple Spread Footings 

The purpose of a simple column footing is to receive the load imposed 
by the superstructure and distribute it over & sufficient area of the sup- 
porting soil. Whenever possible, the base 
area of the footing, in contact with the soil, is 
made concentric with the axis of the column 
which is supported on the footing, and equi- 
librium is obtained when the resultant of the 
upward pressure against the base of the foot- 
ing equals the sum of the downward forces 
(including the weight of the footing). The 
average intensity of pressure over the base 
area (Fig. 105) equals the sum of all the loads divided by the base area, 
and this average pressure is generally used as a basis for determining 
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Col. and Base 

Total Weight 



j R s Resultant of Pressure 


Fig. 105. 
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the required plan size of the base. Tests ^ of the actual pressures show 
that in general higher pressures exist at the center of the area, the rela- 
ti^’e magnitude depending upon the shape of the area and the character 
of the material supporting the footing (Fig. 106). 

When the resultant of the loads acting on the footing does not pass 
through the centroid of the base area, the footing is said to be eccentric- 
ally loaded. This condition 
may arise either through 
placing the column off cen- 
ter or because of applied 
forces or moments which 
may tend to overturn the 
footing. Thus in Fig. 107, 
the force P is the resultant 
of all superimposed loads, 
moments, and weight of 
footing above the plane of 
the base; the resultant of 
the resisting forces, ft, must 
equal P and act in the same 
line of action; the compo- 
nent of R in the plane of the 
footing, //, represents the 
resistance to sliding, while 
the component N is the re- 
sultant of the vertical pres- 
sure on the footing base. 

Ft 

Fia. 106. Distribution Pressure under a 
Footing. 

(From article by F. J. Converse, Civil Engg., 

April, 1933.) FiQ. 107. 

When no other means of preventing sliding is provided, friction of the 
footing against the supporting soil must be depended upon. 

•For determining the approximate distribution of pressure on the base, 
it is convenient to move the force N to the centroid of the base area, 

* (Jonver*!, “Distribution of Pressure under a Footing,” CivU Engg., April, 1933, 
p. 207. 




SIMPLE SPREAD FOOTINGS 


173 


adding, in accordance with the principles of statics, the couple Ne to the 
force system as at a in Fig. 108. The force N will now produce the aver- 
age uniform pressures fi = N/A shown at 6, and the pressures induced 
by the moment Ne are computed in the same manner as stresses in a 
homogeneous beam, assuming that the 
foundation material is elastic within the 
limits of the action. Hence, as shown at c, 


// \ 


Nem 


(a) 

1 

(103) 

Nen 


(6) 

/3= — 

(104) 


and 


where I = moment of inertia of base 
area about an axis through 
its centroid. 


1. fi 

e 

1 

w* 

r 1 


r 



ttfttl 


-6 2 


f 

A 


(e) 4 




id) 




Fia. 108. 


The resultant approximate pressure 
intensities at d are obtained by combin- 
ing the pressures indicated at b and c. 

When the base area is rectangular with dimensions I and 6, 

C)Ne 

/2 = -^=/3 


(105) 


This method is limited to those eases where /a is equal to or less than / 1 , 
since otherwise tension between the footing and the supporting soil 
would be indicated by the combination, and this is obviously an absurd 
result. This limitation can be expressed in terms of the eccentricity e 
as follows: 

/a < fi 


Nen 

T~ 


= ^ 
^ A 


(106) 


e < 


For a rectangular footing area 


nA 

b 


e ^ 


(107) 


When the resultant P cuts the base within the limiting value of c as shown 
by Equation 106 (within the middle third of the base width for rectan- 
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gular footing areas), pressure will be developed over the entire area; 
when P lies outside this limiting distance the pressure distribution must 
be determined by another method. 

When e > I/nA, the approximate pressure 
distribution for a rectangular footing may be 
computed as follows : Let g = distance from edge 
of base nearest the resultant to point where the 
resultant cuts the base (Fig. 109). Assuming a 
linear distribution of pressures as at 6, we have 



and 


N =^X3gXl 
2 


/ = 


2N 

'^l 


^( 108 ) 


It is obvious from Equation 108 that the intensity of pressure at A 
(Fig. 109) increases as the distance g decreases and that a condition of 
instability results when g = 0. Footings are preferably designed so 
that e is mthin the limits shown by Equation 106. 


t, Column ond Footing 



LEEWARD COLUMN 

Column Lood: D.L. » 7360 
W.L = 8250 
Tot. = 15610 
Wt. of Footing (concreto) 4300 
Total Verticol Lood “ I99I0^ 

Mom«nt< about ( boso: 

Ditt. from ( to Roiultont: 


3_670_>$j 

19910 


=0.55' < i 


Chock for tliding 

Astumo coofF of friction 0.5 
Attume factor of lofoty = 2 
Soft roiiitanco =* l/a X 0.5 X 19910 
= 4980# > 3670 

Bose Pressures 

^ ^ 19910 . 6 X 19910 X 0.55 

/,+/.- 1* 

= 1240 + 1030 « 2270#/O* 
frft= '240 — 1030 « 2l0#/a‘ ^ 


Bom Pretturts-Looword Column 


WINDWARD COLUMN 






±1 


> ProMures • Wind word Column 


Column Load » 7360 + 2750 » 101 10 
Wt. of Footing *» 4300 

Total Varticol Lood =* 14410# 

3670 X J ao7A>l 
14410 * ^ 6 

£!« 2 — 0.76 * 1.24* 


Fig. no. Mill Bent Column Footing. Hinged-Column Base. 
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Typical computations of base pressures under the footings of a mill 
bent are shown in Figs. 110 and 111. 


LEEW/.RD COLUMN 



Column Lood: D.L » 7340 
W.L g 6725 
i4oes 

Woight of Footing 2S6IS 
Totol Voffied Lood = 39700# 


13670 X 61 + 36700 


Chock for Sliding 

Coeff. of Friction » 0.5 
Foctor of Spfoty = 2 
Soto Rotittonco =* X 0.5 X 39700 
a 9930# > 3670 

Boto Frossuroc 

/4. r- - 39700 . 6 X 39700 X 140 

54- + 

a 740 + 720 a 1460# /□' 

740 — 720 a 20#/O* 


Bom Prouurot 


Fig. 111. Mill Bent Column Footing. Fixed-Column Base. 


77 Pile Foundations 

When the subsoil material under a footing is unstable or will not 
develop the required resistance to pressure without excessive settlement, 
the load may be transmitted to a lower strata by means of piling. Piles 
may consist of wooden poles or timbers, concrete, or structural steel 
1 ‘olled sections. They are generally driven into the ground by means of 
a mechanical hammer or pile driver until they reach the desired penetra- 
tion or resistance to driving; piles ma^'^also be jetted into place by forc- 
ing water under pressure through pipes placed alongside the pile. The 
safe load that may be placed on a pile is based upon the resistance it 
offers to being forced further downward into the subsoil. This resistance 
may be furnished by friction of the soil on the surface of the pile, by the 
resistance the point offers to being forced into a hard stratum, or by a 
combination of these two factors. 

Piles are preferably placed in a direction parallel to the resultant load 
as their resistance to lateral component of forces is relatively low and 
somewhat unreliable. Thus, to resist an inclined force most effectively, 
baUer piles or piles driven at an inclination to the vertical might be used. 
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The extra expense of driving batter piles precludes their use except in 
unusual cases. 

To produce uniformity of loading, piles are preferably arranged sym- 
metrically ^Wth respect to axes intersecting at the position of the result- 
ant load. Driving conditions ordinarily require a minimum spacing of 
at least 2\ feet for wood or steel piles and 3 feet for concrete piles. 



I80K 


Vtrficol Lood on 

Column Load = 160 Kipt 
W.Jghf of PJtr = _44_ 

Tof. = 224 Kipt 

Locofion of RetuHonf on plana AB: 

(momant cantar at A) 

080 X 41 + (44X^y)~(4Xe|~40 _ ^ 

I , — 1 lA c* 9 

n X 1.51 + 0 X 4.51 + P X ^ + I' X - 1.» 


(Pila Rdtiitone* 


C 9. of Pitng ‘ 


— >1 

w» ‘ 

rj 





m 

\ 

1.5* 

3.0' 

V 1 
L 4 

1 , 


0 

ni 

3.0* ‘ 



' ' 

3.0* 

1.5' 



Row ^ 




Valuat of d 
Row I 
2 

3 

4 

Xd*: 


3.3 
■ 0.3 
= 2.7 
= 5.7 


d^ 10.89 
* .09 

« 7.29 
= 32.49 


s (3 X 10.89) + (3 X .09) 

+ (2 X 7.29) + (I X 32.49) 

s 80.01 

e» 4.8 -- 3.8 * 1.0 
Load on Each Pile 

9 ^ 80.01 

« 24.89 + (2.8 X 3.3) « 34.I3K 
Row 2 « 24.89 + (2.8 X 0.3) = 25.73 

Row 3 = 24.89 — (2.8 X 2.7) = 17.33 

Row 4 a 24.89 — (2.8 X 5.7) - 8.83 

Chack: (3 X 34.13) + (3 X 25.73) + (2 X 17.33) + (I X 8.83) a 223.07K 


Fio. 112. Pile Footing Eccentrically Loaded. 


When the resultant vertical load passes through the center of gravity 
of the pile group, the load on each pile will equal the total load divided 
by the number of piles. For eccentric loads or moments tending to 
overturn the footing, pile loads are determined in the same manner as 
noted in Article 76 for simple spread footings under similar conditions. 


P= 


N Ned 


(109) 


where N = total vertical load on tops of piles. 

e = eccentricity of resultant load with respect to center of gravity 
of pile group. 
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d = normal distance from center of any pile to center of gravity 
of pile group. 

P = total load on any pile, 
n = number of piles in group. 

It should be noted that Equation 109 would indicate an uplift on piles 
when 

Ned N 

Therefore the limiting effective distance of any pile on the negative 
(heel) side of the center of the group is 

cl^ ( 110 ) 

en 

A typical computation of loads on a group of piles carrying an eccentric 
loading is given in Fig. 112. 

*78 Stability of Retaining Walls for Earth 

Retaining walls for earth must resist the lateral pressure of the re- 
tained material in addition to supporting the weight of masonry com- 
posing the wall and such other forces as may be imposed on it. Deter- 
mination of the stability of a retaining wall embodies the application of 
the same principles as were outlined for a rectangular footing in Article 76. 


Fig. 113. 

For such a wall as is shown in Fig. 113, the earth pressure is deter- 
mined on a vertical plane through the heel of the footing as at a. The 
earth between this imaginary plane and the wall is regarded as inert 
filling which adds to the vertical load. The resultant pressure R on the 
foundation soil is determined as the resultant of the force system above 
the plane of the foundation. The vertical component N of this resultant 
is resisted by earth pressures acting upward against the base of the wall. 
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The horizontal component must be resisted by friction between the base 
of the wall and the supporting earth, unless other means of resisting 
the tendency of the wall to slide laterally are provided. 



Typical Gravity Retaining Wall. 


When the resultant cuts the base within the middle third of its width 
(e 5 &/6), the pressure at the edge nearest the resultant may be deter- 
mined from the equation 


N &Ne 


N / 6e\ 


( 111 ) 
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and for the pressure at the edge farthest from the resultant 



fll2) 


When R falls outside the middle third, e > 6/6, and 

2N 

/ = — (see Fig. 109) (113) 

^9 

For stability against overturning, the wall must be so proportioned 
that R falls within the limits of the base width, and, in order to provide 
a suitable factor of safety, it is preferable for it to pass within the middle 
third of the base. 

The stability of any section such as xx in Fig. 113 is determined in 
the same manner as above, for that part of the construction (Fig. 113b) 
above such section. A gravity type wall is one where no tension can be 
resisted on such a section, and such walls must be so formed that the 
resultant on any such section will remain within the wall, preferably 
within the middle third, to furnish an additional factor of safety against 
overturning of the upper section and to furnish pressure over the entire 
joint to prevent water seepage. Reinforced concrete walls are designed 
to resist tension on such sections and are hence rendered internally stable. 


Exaviple 

For the plain concrete gravity wall shown in Fig. 114, the computation for 
stability would be as follows: 

Data: Weight of concrete: 150 lb {^er cu ft 
Weight of earth fill: 100 lb i)er cu ft 
Angle of internal friction of earth fill: 30 degrees 
Lateral earth pressure at base of wall (see Article 21, Equation 15) 


(? = 100 X 15 X = 500 lb per sq ft 



(a) 


Fia. 114. 


ib) 
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For 1 lineal ft of wall 
Weight of wall 

Weight of earth fill on back of wall 


= 13,950 lb 
= 4,800 1b 


Total vertical load = N = 18,750 lb 

Total horizontal earth pressure = 500 X 15 X ^ = 3,750 lb 

Moments about center of base 

(clockwise moment indicated by +) 

3,750 X 5 =-18,750 

13,950 X 0.5 = -6,975 

-25,725 
4,800 X 3.1 = +14,880 


Resultant moment = — 10,845 ft-lb 

Since the rei^ultant moment is negative, the resultant will cut the base to the 
left of the center, and 

_ 10,845 ,, ^11 

18,750 ^ 6 

Toe pressure (at /I) = j = 2250 lb i)er sq ft 

Ml /- f 18-750 r, oxo.o-i 

Heel pressure (at B) = — — J = 1150 lb i)er sq ft 

If the wall is founded ujx)!! a clay subsoil and it is assumed that the coefficient 
of friction of the wall masonry on moist clay is about 0.3, the factor of safety 
against sliding would be 

18,750 X 0.3 , ^ 

3750 

The stability of the portion above any given plane is determined by similar 
procedure. Considering a section 6 ft below the top of the wall, the forces acting 
are as shown at b. 

N = 4050 lb 

(600 X 2) + (3150 X 0.6) - (900 X 1.5) ^ ^ 5 

e = 0.43 < - 

The resultant therefore pa.ssas within the middle third of the section and 
Pressure at a = 1 + j = ,230 lb per sq ft 


Pressure at 6 = 


6 X 0.43 


J = 390 lb per sq ft 
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79 Reinforced Concrete Retaining Walls 

Reinforced concrete retaining walls (Fig. 115) are generally either of 
the cantilever type as at a or of the counterfort type as at h. For either 




Fig. 115. 

type, the stability of the wall as a whole and the pressures on the founda- 
tions are determined in the same manner as outlined in Article 78. For 
the counterfort-type wall, it is generally convenient to make the analysis 
for a length of wall corresponding to the spacing of counterforts. Since 
such walls arc designed to resist internal bending-moment and shear, the 



Counterfort-Type Reinforced ConcR'te Retaining Wall. 


stability of sections is based upon the internal strength of the materials 
composing the wall. 

Computations for the stability of a typical cantilever-tj'^pe wall aie 
shown in Fig. 116. Bending-moments and shears on various sections are 
computed in the usual manner. Thus the bending-moments carried by 
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the vertical wall or stem are produced by the lateral earth pressure and 
(Fig. 117) are computed as if this portion of the wall were a cantilever 
beam fixed at the top of the base slab. The portion of the base extending 



For One Lineal Foot of Wall : 

Vertical Forces: 

Earth Backfill: 4x13x100 « 5200# 

Concrete Wall : 2 x 13 x 150 * 3900 
2x 8X150 = 2400 
N = 11500# 

Taking moments about center of base: 

^ (3750X5) -hOOPOx 1.0) -(5200 X 2.0) 
11500 


1.07' <5< 


12250 , 

11500 

.‘.Resultant is inside the middle third. 
Toe Pressure: 


- - 11500 . 6X11500X1.07 
S ^ 64 

= 1440 + 1150 = 2590#/°' 
Heel Pressure: 


/ = 1440 - 1150 = 290#/°' 


Fig. 116. Stability of Cantilever Type Wall. 


in front of the stem is called the 
cantilever fixed at the face of the 
of earth which may be applied on 
not always be present. Similarly, 
the rear of the stem, known as the 
at the rear face of the vertical 
wall (Fig. 118), The upward 
pressure against the lower sur- 
face of the heel is frequently 
omitted. 


toe, and this is also assumed to be a 
vertical wall (Fig. 118). The weight 
top of the toe is omitted since it may 
the portion of the base extending to 
heelj is computed as a cantilever fixed 




B.M. Section a 6’ 

Due to Base Pressure 2015x2 x 1 * # 4030'# 
575xJix2x%x2 ■ # 

Due to Concrete 2x2xl50xl» - 600 
Total- 4200' 

B.M. Section e d: 

(Neglect upward pressure) 

(X300+300) X 4 X 2 « 12800'#J) 

Fig. 118. 


80 Masonry Dams 

Masonry dams have the same essential characteristics as the retaining 
walls previously discussed. Since it is their function to retain water, it is 
important that they be impervious at all sections, and they should there- 
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fore be so proportioned that pressure will exist over all portions of joints 
in the construction. To meet this condition, the line of resultant pres- 
sure under any condition of loading must lie within the middle third of 



the wall section. Thus, in Fig. 1 19, the middle-third zone has been out- 
lined for a typical dam section and resultant pressure lines indicated for 
two cases of loading. 

81 Voussoir Arches 

The stability of masonry arches of stone or brickwork, not reinforced 
to resist internal tensile stress, is determined by application of the fore- 
going principles and methods. The voussoir stone arch is the most com- 
mon example of this t^^'pe of construc- 
tion and generally consists of individ- 
ual stone blocks or voussoir s properly 
shaped and placed to form the arch. 

The stability of each individual voussoir 
is dependent upon the resisting pressure 
furnished by the voussoirs on either 
side, and the stability of the entire arch 
depends upon the resisting pressure of 
the abutments. 

For an individual voussoir, the con- 
ditions will be as represented in Fig. 120, where W represents the force 
on the voussoir and Ti and T 2 the resultant thnists on faces AB and CD, 
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respectively. The stability of the voussoir requires that the following 
conditions be fulfilled: 

(a) Rotation. For stability against rotation, the resultant thrusts 
Ti and T 2 must lie Avithin the limits of sections AB and CD, respectively. 
It is generally preferable that these forces pass within the middle third 
of the respective sections in order to provide a suitable factor of safety; 
to provide pressure over the entire section and thus deter entry of water 

into the joint; and to reduce the 
intensity of pressure on the 
masonry or mortar forming the 
joint. 

(6) Crushing. The intensity of 
pressure must not exceed the safe 
resistance to crushing of the 
masonry or mortar in the joint. 

(c) Sliding. Components Vi 
and V 2 in the plane of the re- 
spective sections must not exceed 
the safe shear resistance of the 
joint. 

Since the resisting thrusts T\ 
and T 2 are furnished by the ad- 
joining voussoirs, their values and 
locations must be consistent with 
the equilibrium of the entire as- 
semblage in the given construction. 
Thus Fig. 121a represents such an 
assembly where the line of resistance and location of any such thrusts 
as Ti and T 2 are seen to conform with the equilibrium polygon, 
drawn from the force polygon at b. In the force polygon at 6, the 
pole 0 was chosen at random, and it ^vili be noted that an infinite 
number of such equilibrium polygons representing lines of resistance 
for the entire assembly could therefore be drawn. It therefore re- 
mains to determine the most probable or true line of resistance. The 
most generally accepted hypothesis for the true line of resistance is 
that it will be represented by the equilibrium polygon drawn with 
minimum thrust values consistent with equilibrium of the arch. Thus 
the middle-third zone would be outlined throughout the arch and a pole 
chosen to pass a polygon inside this zone maintaining at the same time 
minimum values of the forces R\, Ti, T 2 , etc. Such a polygon would 
pass through the lower middle-third limits at the supports and would 
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touch the outer-third point at or near the crown, and the problem thus 
is reduced to passing an equilibrium polygon through these points as 
discussed in Article 28. 

PROBLEMS 

7-1 Calculate the base pressures under the concrete column footing, and draw 
the pressure-distribution diagram. 



7-2 The weight of tlie retained earth is 100 lb per cu ft, and the assumed lateral 
pressure is 0.3i/;/i. Each 8 ft length of concrete retaining wall is supported on six 
piles as shown. Determine the maximum and minimum load per pile. 
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7-3 (a) Find the intensities of earth pressure beneath the heel and toe, and draw 

the pressure-distribution diagram for the reaction beneath the base. (6) Compute 
bending-moments on sections o-6, a-d, h-c. 



7 *4 The angle of internal friction, <t> = 30°. The weight of earth is taken as 1(K) lb 
per cu ft and of concrete 150 lb per cu ft. (a) According to the Rankine theory, what 



is the pressure? distribution on a vertical surface through the retained earth? (6) De- 
termine the magnitude and direction of the resultant pressure on the back of the 
wall, (c) Find the distribution of pressures on the base. 



Part II 


DESIGN OF SIMPLE STRUCTURES 

FOREWORD 

The design of a structure involves the selection of suitable materials, 
the determination of the dimension of individual parts, and the arrang- 
ing of the component elements of the construction into an assembly 
which will be structurally sound and which will provide properly for the 
intended usage of the completed work. The designer must not only be 
competent to analyze the behavior of a structure in accordance with the 
principles of mechanics and to perform the necessary mathematical 
solutions incidental to this work, but he must also have knowledge of 
materials of construction, their physical properties, cost, utility for 
service under various conditions, and methods of construction and 
erection. Ability to visualize the completed structure in advance of its 
technical design is imperative, for all structures have their inception in 
the imagination of their designer. 

The design of a structure starts with the determination of its need and 
the utility which must be provided. With these established, the designer 
evolves from his imagination, backed by his knowledge of the elements 
previously noted, a structural arrangement which he hopes will be satis- 
factory. He then makes an analysis of this arrangement and determines 
the forces to be resisted and finally computes the necessary dimensions 
of the component parts so that sufficient material will be provided in all 
parts to meet the computed stress conditions. The final results of this 
work are recorded in the form of drawings and written specifications 
which show the work to he done, materials to be provided, and arrange- 
ment of parts. Frequently several structural arrangements may be 
considered, and the best arrangement from the standpoint of cost, 
appearance, or other considerations may l)e selected after tentative or 
preliminary designs and estimates have been prepared. 

It should be observed that designing a structure is essentially a process 
of trial and error. The first step is invariably the assumption of the 
material, general arrangement of parts, and probable dimensions. The 
second step is the determination of dead load and the structural analysis 
of the assumed arrangement under all loading conditions. The third 
step involves the determination of sizes and dimensions in accordance 
with the results of the second operation. When the results of the third 
step are at variance with the original assumptions, the original assump- 
tions are accordingly revised, and the process is repeated until the final 
design is evolved. 
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Chapter 8 

STRUCTURAL FASTENINGS AND CONNECTIONS 

82 Nails and Screws 

Wire nails are formed from steel wire which is cut to the desired 
length and a head and point formed on opposite ends. In size they are 
designated as ten-penny (lOd), twenty-penny (20d), etc., the designa- 
tion determining the diameter of the wire and the length of the nail. 
The sizes of common vnre nails is given in Table 3. 

Nails are generally used to resist transverse shearing force between 
two pieces of wood, and the force on the nail is thus applied in a direc- 
tion normal to the length of the nail. When used in this manner in 
seasoned wood, the safe lateral load in pounds per nail may be deter- 
mined by the following formula recommended by the U. S. Forest Prod- 
ucts Laboratory: 

P = KD^ (114) 

where P = safe lateral load in pounds per nail. 

D = diameter of nail in inches. 

K = a constant depending upon the species of wood. 

Values recommended by the Forest Products Laboratory for use in 
Equation 114 are as follows: 

Eastern hemlock, spruce, white pine K = 900 
Cypress, western hemlock, Norway pine K = 1125 
Douglas fir (coast), southern yellow pine K = 1375 
White ash, hickory, maple, oak K = 1700 

Nails should be driven so that the penetration of the point into the 
base timber is not less than one-half the length of the nail for dense 
hardwoods to two-thirds the length of the nail for the softer woods. 
When nails are driven parallel to the grain of the wood, that is, into the 
end grain, the safe lateral load for softwoods should be taken not more 
than GO per cent of the value obtained by Equation 114. 

The Forest Products Laboratory recommends that the safe resistance 
of nails to withdrawal be computed from the following formula: 

Pi = 1150 
188 


( 115 ) 
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where Pi = safe longitudinal load in pounds per lineal inch of pene- 
tration. 

G = specific gravity of timber based on oven dry weight and 
volume. 

D == diameter of nail. 

When nails are driven into green wood and seasoning takes place, most 
types of nails lose a large part of their holding power and safe values are 
practically impossible of determination. 

A boat spike is made from square steel or wTought-iron bars with a 
head forged on one end and a point on the other. They may be of any 
desired size and are used w’hen larger and stronger fastenings, than can 
be provided by means of wire nails, are required. They are obtainable 
commercially in sizes varying from \ inch X 3 inches to § inch X 12 
inches long. 

A drift pin or drift holt is made from round metal with a head forged 
on one end and a point on the other. They may be made any desired 
length or diameter and are used in fastening together large timbers. 

Wlien the applied forces are parallel to the length of the screw, wood 
screws are generally used in place of nails, since the resistance of nails to 
a pulling-out force is exceedingly unreliable. 

A lag screw is essentially a large wood screw made with a square head 
and a gimlet point. They are obtainable commercially in sizes as shown 
in Table 4. 

83 Special Devices for Connecting Timbers 

Modern connections ^ for timber construction have been extensively 
used abroad and were introduced into the United States in 1933. 

The Teco Toothed-Ring ^ (Fig. 122) is made of sheet steel with four 
sizes commercially available, 2 inches, 2|^ inches, inches, and 4 inches 
in diameter adapted to use in 3-, 4-, 5-, and 6-inch nominal w idths of tim- 
ber. In making the connection, holes are bored through the timbers to 
be joined, the timbers are separated and the toothed ring connector 
placed between them. High-strength alloy steel bolts, with ball-bearing 
washers and double-depth nuts, are then placed through the holes and 
the timbers drawn tightly together, forcing the connector one-half its 
width into each adjoining timber. The special bolts are then replaced 
by ordinary machine bolts. 

^ ‘‘Modem Connections for Timber Construction,” Bulletin prepared jointly by 
National Committee on Wood Utilization and U. S. Forest Products Laboratory, 
published by U. S. Government Printing Office. 

* Manufactured under patents controlled by Timber Engineering Co., Washing- 
ton, D. C. 



Courtesy Timber Engineering Co. 

Fiq. 122. Teco Toothed Ring. 
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The Teco Split-Ring ® is a plain steel ring (Fig. 123) of rectangular 
cross section with a grooved break in the perimeter. Two sizes, 2 \ 
inches and 4 inches, in diameter, are commercially available. The ring 
is placed in grooves cut by a special grooving tool in the timbers to be 
joined, and the assembly is then bolted together with ordinary machine 
bolts. Data for Teco Split-Ring Connectors are given in Table 5, and 
required spacing may be determined from Design Charts I, II, III, and 



Fig. 124. Teco Spike Grid and Clamping Plates. 


IV. Tables 6 and 7 show permissible increases of load based upon load 
duration and required decreases in load based upon moisture conditions. 
When more than three connectors are used in a group, the load per 
connector must be reduced in accordance with data given in Table 8. 

The Teco Spike-Grid ^ is a malleable casting in the form of a grid or 
frame (Fig. 124) with sharp spikes projecting from both faces. Grids 
are placed between timbers to be connected and the points imbedded 
in the adjoining timbers in substantially the same manner as employed 
for the Toothed-Ring. 

’ Manufactured and distributed under patents controlled by the Timber Engineer- 
ing Co., Washington, D. C. 

* Manufactured and distributed under patents controlled by the Timber Engineer- 
ing Co., Washington, D. C. 
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The Teco Claw-Plate Connector ® is used either in pairs for timber to 
timber connections or singly for connections between wood and steel. 
It is a circular, malleable cast-iron plate with teeth on one face (Fig. 125) 
and is installed by forcing the teeth into the wood beyond the depth of 
the circular notch cut to receive the rim and plate portioas. 



Courtesy Timber Engineering Co. 


A . Tci(!o Claw Plato. B. Toco Shear Plato. 

Ficj. 12o. Toco Claw and Shear Plates. 

84 Bolts in Timber Construction 

Bolts are manufactured from round bars of structural steel or wrought 
iron with threads formed on one end and a head upset on the other. The 
length is measured from the inside face of the head to the extreme end of 
the thread(‘d portion. Bolts are usually furnished with square heads and 
sciuare nuts, but hexagonal heads or nuts can be obtained on special 
order. Standard dimensions of bolt heads and nuts are shown in Table 9 ; 
standards for screw threads are shown in Table 10. The threaded por- 
tion will ordinarily be furnished to lengths specified in Table 11, but 
it can be made any specified length. The threaded portion of cu<- 
thread bolts is formed by machine cutting, and the net area at the root of 
the thread is therefore less than that of the shank or unthreaded portion. 
Rolled-thread or pressed-thread bolts have the threaded portion formed 
by squeezing or pressing the form of the thread on the end of the bolt; 
the rolling or pressing process upsets the end of the bar so that the out- 
side diameter of the threaded portion is slightly larger than the shank 
of the bolt, and the net area at the root of the thread is the same as the 
original bar. It is apparent that rolled-thread bolts cannot be inserted 
in holes of the nominal size of the bolt and should not be used where 
tight-fit bolts are required. 

Bolts are generally regarded as more reliable than nails when 
shearing force between two pieces of timber is to be resisted, as at b in 
Fig. 126. 

* Manufactured and distributed under patents controlled by the Timber Engineer- 
ing Co., Washington, D. C. 
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Tests made by the U. S. Forest Products Laboratory and reported in 
Technical Bulletin 332 of the United States Department of Agriculture 
show that the safe load on a bolt can be determined in the following 
manner: 

A. Force on bolt in direction parallel to grain 

f = basic unit stress on projected area of bolt parallel to grain. 

L = length of bolt (thickness of main member). 

D = diameter of bolt. 

K = percentage factor determined by test. 
p = safe unit bearing stress on projected bolt bearing area. 

= fK for metal side plates. 

= 0.8 fK for wood side plates. 

S = safe load on one bolt = pLD (110) 

Use one-half this value for arrangement as at c or d in Fig. 126. 



(c) (d) 

Fig. 126. Bolts in Timber. 


B, Force on bolt in direction normal to grain 

f = basic unit stress on projected area of bolt perpendicular to grain. 
L = length of bolt (thickness of main member). 

D = diameter of bolt, 
m = percentage factor determined by test. 
n = diameter factor determined by test. 
q = safe unit bearing stress on projected bolt bearing area. 

= fmn (for either metal or wood side plates). 

S = safe load on one bolt = qLD (117) 

Use one-half this value for arrangement as at c or d in Fig. 126. 

Values of the basic stresses p and q for various species of wood are 
given in Table 12; percentage factors K and m are given in Table 13; 
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diameter factors n are given in Table 14. With these tables, assuming 
the arrangement at a in Fig. 126 (two-end load with metal side plates), 
the safe load T for a ^-inch diameter common bolt through a 5^-inch 
thick southern yellow pine timber would be computed as follows: 


Example 1 

Basic stress / (Group 3, Table 12) = 1300 psi. 
L/D = = 6.3 


Percentage factor K from Table 13 = 64.1 
p - 1300 X 0.641 = 835 lb per sq in. 

>8 = 835 X 5^ X i = 4020 lb 


Example 2 

For the arrangement shown at h in Fig. 126, the value of S would be 80% of 
that computed above, or 3220 lb. For the arrangement at c, a value of 2010 lb 
would be used; for the arrangement at d, the value is 1610 lb. 

For each bolt in member B of the arrangement at c in Fig. 127, assuming 
western hemlock, L = 5^ in., D = f in., using common bolts and either metal 
or wood side plates. 

5.5 

Basic stress / (Group 2, Table 12) = 200 lb per sq in. L/D — = 7.3 

0 75 

Percentage factor m (Table 14) = 99.5 

Diameter factor n (Table 14) = 1.41 

q = 200 X 0.995 X 1.41 = 280 lb per sq in. 

5 = 280 X 5jXf = 11501b 


When the applied force on a bolt is at an angle to the grain, the allowed 
stress on the projected area of bearing of bolt on timber may be deter- 
mined from the Hankinson formula. 


m 

p sin^ 6 + q cos^ S 


(118) 


where n = allowed unit stress in a direction 6 with the grain. 
p = allowed unit stress in compression parallel to grain. 
q = allowed unit stress in compression normal to grain. 

0 = angle of inclination (less than 90 degrees) of applied force to 
the direction of grain. 


For the arrangement at c in Fig. 127, assuming timber to be coast type 
Douglas fir, wood side plates, ^ inch diameter common bolts, member B 
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5§ inches thick (parallel to length of bolt), the safe load on each bolt in 
member B when 6 is 20 degrees would be computed as follows: 

Example 3 

Basic stress (Table 12) 

Parallel to grain, / = 1300 lb per sq in. 

Normal to grain, / = 275 lb per sq in. 

L/D = -5- f = 7.3 

Percentage factor K (Table 13) = 55.3 

For wood side plates p = 0.8 X 1300 X 0.553 = 575 lb per sq in. 

Percentage factor m (Table 14) = 94.9 
Diameter factor n (Table 14) = 1.41 



n = 


q = 275 X 0.949 X 1.41 == 370 lb per sq in. 
sin0 = 0.342 sin^^ = 0.117 

cos 6 = 0.94 cos^ B = 0.9 

575 X 370 


(575 X 0.117) + (370 X 0.9) 

S = 530 X 5^ X f = 2190 lb per bolt 


= 530 lb per sq in. 


In choosing the bolt diameter for a given design, it is recommended 
that the diameter be made such that L/D is 6 or more. Recommenda- 
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tions for spacing of bolts under various conditions are illustrated in Fig. 
127. For splices of the types shown at a and b in Fig. 127, it is recom- 
mended that bolts be arranged in rows and not staggered. In tension 
splices (Fig. 1276), the area of the net section of timber should be not 
less than 80 per cent of the combined bearing area of all the bolts in the 
particular timber for softwoods and 100 per cent of the combined bolt 
bearing area for hardwoods. The use of cross bolts to prevent splitting 
of the timber is also recommended, especially when the L/D ratio is 
small. 

*86 Structural Rivets and Bolts 

Steel rivets are generally used for fastening together steel members. 
Rivets are forged from round steel bars with a round or button head on 
one end and are sufficiently long to pass through the parts to be con- 
nected and allow excess length to be upset to form a head on the end 
originally left blank. Dimensions of structural rivets are given in Table 
15. When rivet heads may interfere with adjoining construction they 
may be flattened, countersunk, or countersunk and chipped (see Fig. 
132). 

Rivets are placed red hot in the holes provided and are then squeezed 
by presses or hammered by riveters to form the head on the blank end 
and force the metal to fill the hole completely. Owing to erection and 
assembly requirements some rivets are driven in the field and are termed 
field rivets] those placed in the fabricating shop are termed shop rivets. 
Shearing and bearing values of power-driven rivets and turned bolts in 
reamed holes are given in Table 10. Similar values for unfinished bolts 
are given in Table 17. 

• In order to provide entry of the rivet the holes in the parts to be fas- 
tened must be made tV inch larger than the nominal diameter of the 
rivet. After driving, therefore, the rivet is actually increased in size by 
this amount, but this is not taken into account in computing the cross 
section of the rivet, the nominal diameter being regarded as the final rivet 
size. Where rivet holes are punched, severe local stresses are developed 
around the periphery of the hole resulting in damage to the metal. On 
this account the holes are computed as if they were ^ inch larger than 
the nominal size of the rivet. To reduce the amount of this damage and 
provide better work, holes may be drilled to the required size or may be 
subpunched to a size smaller than the rivet and reamed to a diameter 
inch larger. 

The strength of a rivet is based on (a) its resistance to shear, and (6) 
its resistance to the bearing pressure on the contact area between the 
rivet and the parts fastened. The action of a rivet in single shear is illus- 
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trated at a in Fig. 128, and its resistance to this action equals the product 
of the unit shearing resistance of the rivet material and the cross-sec- 
tional area of the rivet shank. The action of a rivet in double shear is 
illustrated at h in Fig. 128, where it is noted that the rivet is sheared on 
two planes simultaneously; hence the double shear value is twice the 
single shear value. The bearing value of a rivet is measured as the prod- 
uct of the allowed unit bearing stress and the projected contact area 
(nominal rivet diameter X thickness of plate) of rivet and plate. Thus 
at a in Fig. 128 the bearing area for plate A is /id. This type is termed 



(a) 


7 \ 


Tt 



Fn 1 

RrSESSB’ 

m 



m 

-J 



Fig. 128. Rivets in Single and Double Shear. 


single shear bearing. Double shear bearing is the type which occurs on 
plate B in Fig. 1286. For the arrangement shown at a, the safe value of 
one rivet would be computed as follows: 

u = allowed intensity of bearing stress 

d = nominal diameter or rivet 

R = value of rivet 

As determined by plate A, R = utid 
As determined by plate S, R = ut2d 

The smaller of these values of R would control. 

For the arrangement shoA\Ti at 6, the value of one rivet in bearing 
would be as follows: 

As determined by plate Aij Ri = utid 
As determined by plate A 2 , R 2 = ^^ 2 ^ 

R = Ri + R2 = ud {ti + (2) 

As determined by plate B, R = ut^d 

The smaller of these values of R controls. (Note that double shear bear- 
ing is considered on plate B,) 

When rivets are used in a group, as for example to splice a tension 
member or to fasten the end of a tension or compression number, it is 
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assumed that the force is equally divided among the rivets in the group. 
For small rivet groups, little error is introduced by this assumption, but 
in large groups there may be considerable variance in the force distribu- 
tion. Rivets in any group should be as compactly arranged as possible 
and preferably with the center of gravity of the rivet group on the line 
of action of the applied force. As between the arrangements shown in 
Fig. 129, the rivets in a will not be equally stressed, the end rivets receiv- 
ing substantially more load than the ones between; the rivets shown at b 



will, on the other hand, be practically equally stressed. The arrange- 
ment at a is, however, more economical of plate material since only one 
hole is deducted to obtain the net section whereas four holes must be 
deducted from the plate section in b. As a result, the adopted arrange- 
ment of rivets in such a connection is usually a compromise of these con- 
ditions. 

The following is an example of the computations for a tension splice. 
Example 

Main plates, 9 in. X | in. 

Total stress in plates, 94 kips 
Rivets, I in. diam. 

If the rivets are arranged in three lines (see Fig. 130), three holes 1 in. in diameter 
will be taken out of the main plate to obtain the net section. 

Gross section main plate = 9 X J = 7.875 sq in. 

Deduct 3 rivet holes 1 X J X 3 = 2.625 sq in. 


Net area main plate 5.25 sq in. 

TT .. . .IX HOOO . 

Unit stress main plate = — “ — — = 17,900 psi 
o.2o 

This is regarded as satisfactory, and the splice plates will be made in. thick. 
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Value of one rivet 

Double shear (Table 16) = 18,040 lb 

Bearing on splice plate = 2 X X J X 32,000 = 24,500 
Bearing on main plate = | X J X 40,000 = 30,600 
Double shear controls and R = 18,040 

Number rivets required each side of splice = T;r^ 7 ^ = 6 

XoiU4U 



Fig. 130. Riveted Tension Splice. 


In arranging rivets, consideration must be given to the necessary 
clearances for placing and driving. Standard driving clearances are 
indicated in Table 18. For convenience, standard location lines called 
gage lines are adopted for rolled sections, and, unless specifically indicated 
otherwise, rivet holes are located on these lines. Standard gages for 
angles are shown in Fig. 131. Standard gages for I-beams, channels, 


Usual Gages for Angles, Inches 


Crimps 



Leg 

8 

7 

6 

5 

4 

CO 

3 

2H 

2 

IH 



IH 

1 

g 

4.4 

4 

3K 

3 


2 

m 

1% 


1 

% 

% 

H 


Qi 

3 


2H 

2 











Qt 

3 

3 

2H 

IH 












Min =8 2" 


w 


Fig. 131. Standard GaRes for Angles. 

(From “Steel Construction,” by courtesy of the American Institute of Steel Construction.) 


and other rolled sections will be found in structural-steel handbooks. 
Conventional signs used on structural drawings are shown in Fig. 132. 

Rivets are preferably not used where tension is developed in the rivet, 
and, when this is unavoidable, relatively low unit stresses are allowed. 
Bolts are generally preferred to rivets for carrying tensile stress. 
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Structural bolts (see Tables 9, 10, and 11) are made of structural steel 
and act in the same manner as rivets. Unfinished bolts are generally 
assigned the same values as rivets of the same size. Turned bolts made 
to a driving fit in reamed holes are assigned the same values as power- 
driven rivets. 

Shop Rivets Field Rivets 
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Fig. 132. Conventional Signs for Riveting. 

(From "Steel Construction," by courtesy of the American Institute of Steel Construction.) 


86 Eccentric Riveted Connections 

When the applied force does not pass through the center of gravity of 
the rivet group, the rivets must resist the torsional effect as well as the 
direct force. Such a riveted joint is said to be eccentric, and the eccen- 
tricity is measured as the distance from the line of action of the resultant 
force to the center of gravity of the rivet group. The moment acting 
on the rivet group is the product of the resultant force and the eccen- 
tricity, and each rivet must contribute its share to the resisting moment. 



The force on each rivet in an eccentric joint is the resultant of the mo- 
ment stress on the rivet and the direct force (total force divided by the 
number of rivets). 

In the analyses of such rivet groups, it is commonly assumed that the 
center of rotation (corresponding to the neutral axis of a beam section) 
coincides ^vith the center of gravity of the rivet group and that each rivet 
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acts as an elastic unit. The moment of resistance of the rivet group is 
therefore (see Fig. 133a) 


M = 


a 


(119) 


where R 


a 


moment force on any rivet acting normal to a line from the 
center of the rivet to the center of gravity of the group, 
distance of any rivet from the center gravity of the group. 


Riv*» 

o* 

a 

Vza’ 

1 

40.50 

6.36 

0.0252 

2 

22.50 

4.74 

0.0188 

3 

22.50 

4.74 

0.0188 

4 

40.50 

6.36 

0.0252. 

5 

40.50 

6.36 

0.0252 

6 

22.50 

4.74 

0.0188 

7 

22.50 

4.74 

0.0188 

8 

40.50 

6.36 

0.0252 

s: 

252.00 

1 




Mom«nt = 8000 X 12.5 = 100000"# 

Moment Stress: 

Rivets. I. 4. 5 and 8; 0.0252 X 100000 « 2520# 

Rivets. 2. 3. 6 ond 7; 0.0188 X 100 000 ~ 1880# 

Direct Stress (AW rivets) =* •/$ X 8000 = 1000# 

Rivets 5 and 8 wiW receive maiimum force 

Vertical Component = 1000 + ^ ^ ] = 2780# 

Horixontoi Component = ^ ^ ~ ~ 

/e= “V(2780)* + (1780)* = 3300# 

Fig. 134. Eccentric Riveted ConnetJtioii. 


In addition to the moment force which is computed from Equation 
119, each rivet must carry its share of the direct force, and these two 
forces (Fig. 133) are components of the resultant force on the rivet. 

A typical computation for an eccentric riveted connection is shown 
in Fig. 134. 

87 Pins 

Short heavy pins are sometimes used to fasten steel members together. 
Pins are computed as beams, and consideration must be given to the 
bearing of the parts fastened on the pin as well as the shears and bend- 
ing-moments developed in the pin. 

Figure 135 shows a typical arrangement of pieces bearing on a pin, 
connecting the members of a truss bridge. The forces are resolved into 
horizontal and vertical components, and, with the pin acting as a beam, 
as in Fig. 136, the bending-moments and shears in each direction are 
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Top PI. 22XH 



Forces in members connected. 

Fig. 135. Stress Analj^sis of Pin Connection. 


determined. These bending-moments and shears are then combined to 
obtain the resultant effects. The unit stresses are as follows: 


Example 

Bearing on pin of 

Member LqUi = 

Member U 1 U 2 = 

Member U 1 L 2 = 

Member UiLi = 


= 13,850 lb per sq in. 
2XiiX6 ^ ^ 


330,800 

2X^X6 


13,750 lb per sq in. 


214,000 
2 X X 6 


10,550 lb per sq in. 


84,400 
2 X X 6 


7900 lb per sq in. 



204 


STRUCTURAL FASTENINGS AND CONNECTIONS 



Bending in pin 

Max B.M. = 368,000 in.-lb 


368,000 
216 X 0.0982 

Shear in pin 

Max shear = 165,400 lb 


17,350 lb per sq in. 


Average shear 


165,400 
36 X 0.7854 


5850 lb per sq in. 
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Arc Length^ 


Base Metal 


Base Metal' 


Fig. 137. Diagrammatic Sketch of Arc in Process of Welding. 

(Reprinted from the "Procedure Handbook of Arc Welding Design ami Practice,” published by the 
Lincoln Electric Co., Cleveland, Ohio.) 

to the proper temperature by heat liberated at the terminals and in the 
stream of an electric arc so that the metals are completely fused. The 
arc is formed between the work to be welded and an electrode held in a 
suitable holder (Fig. 137). The electrode may be either metal or carbon 
depending upon the work to be done, the metallic electrode generally 
being employed for structural welding. Metallic electrodes commonly 
used vary from ^ inch to ^ inch in diameter and are 14 inches or 18 
inches long. They may be bare wire of the specified size and composi- 
tion or they may be coated with chemicals which form gases to protect 
the molten metal during the welding process (Fig. 137). The use of 
coated electrodes is generally preferred as producing more uniform and 
reliable welds. 

Welds are classified according to location as flat, vertical, overhead, and 
horizontal] and according to type as butt welds, fillet welds, lap welds, 
edge welds, and plug welds. These are illustrated in Fig. 138. 

A flat weld is one in a plane inclined at an angle of 45 degrees or less 
to the horizontal, the weld being made from the top side of the plane. 
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A vertical weld has its linear direction inclined at an angle of less than 
45 degrees to the vertical. 

An overhead weld is the same as a flat weld except that the weld is made 
from beneath the plane of the weld. 

A horizontal weld has its linear direction inclined at an angle less than 
45 degrees to the horizontal in planes which are inclined less than 45 de- 
grees to the vertical. 

An intermittent weld is one of broken coritinuity and generally consists 
of relatively short lengths of bead spaced at uniform distances along the 
length of the pieces welded. 



Fig. 138. Examples of Welds and Locations. 

(Heprinttvl from the "Proretlure Handbook of Arc Welding Design and Practice,” published by the 
Lincoln Electric ('ompany, Cleveland, Ohio.) 


A tack weld is an intermittent weld used to hold parts together for 
assembly purposes. 

In order to promote uniformity of practice in the conveying of infor- 
mation by means of drawings, the American Welding Society has pro- 
posed the use of conventional symbols (Fig. 139) to indicate needed 
information to coastruct welds of various types. For more detailed 
information relative to the use of these symbols the reader is referred 
to publications of the American Welding Society. 

The American Welding Society Code for Fusion Welding in Building 
Construction (1937) defines the elements and dimensions of the section 
of a weld as indicated in Fig. 140. The effective leiigth of a fillet weld is 
under this code ^ inch less than the overall length of the weld. 

The internal stress in a weld is determined from its size and length 
and depends upon the magnitude and manner of application of the ex- 
ternal load. The cross-sectional area of weld metal under stress is 
always considered as the product of the throat dimension and the effective 
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2 Both-sides welds of same type are of same size unless otherwise shown. 
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Courtesy American Wdding Society. 
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length. Formulae for unit stress in typical welds may be expressed as 
follows,® 

where P = external load in pounds (tension or compression). 

/ = unit stress in weld (tension or compression) 

V = external shear on weld. 

V = unit stress in shear. 

t = size of weld in inches. 

L = effective length of weld. 



Butt Welds 

For a simple butt weld, as in Figs. 140c, 140rf. or 141, either in tension 
or compression, 

( 120 ) 

tL 


With the external forces applied to produce transverse shear (either 
vertical or longitudinal), 


V 


V 

Jl 


( 121 ) 


Transverse Fillet Welds 


It is the generally accepted practice to assume that the stress on the 
throat section of a transverse fillet weld is a normal tensile or compressive 
stress. For the arrangement as shown at a or 6 in Fig. 142, 


Throat dimension of weld = 0.707i (122) 


0.707<L 


P 

lAUtL 


(123) 


•For a more compleU^ iliscu&sioii of stresses in a weld, see paper, “Welding 
Design” by Chas. H. Jennings, A.S.M.E. Transactions^ October, 1936. 
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When two plates of unequal thickness are welded, as shown at Fig. 
142c, assuming welds of the same dipiensions, 


for the top weld, 


t 


JL 


T 


t = Si 2 e of Weld Ta 
(a) 


■Pi 


( ' 


(124) 

\a + b. 

/ ().707<L 


) 

(125) 

Vn -|- bj 

/ 0.707<L 

. p 

1 .. M—r 



fWeld 




(b) 

-f*Si 2 eof Weld 




= Size of Weld 
(C) 

Fui. 142. Transvorso Fillot Wolds. 


The arrangement shown at Fig. 14 2d is non-symmetrical with the 
result that bending stresses are induced in the weld. The stress at the 
root of the weld is in this case critical and 


/ = 


3,4UP 
~ IL 


( 120 ) 


Transverse fillet welds of the type .shown at c in Fig. 143 are most 
often found in machines and 

Longitvdinal Fillet Welds 

Referring to Fig. 143 we see that, for parallel or transverse fillet welds 
of the types sho%vn at a or 6, the stress on the throat section is shear and 

jP _ P 

~ 0.707<L ~ 1.414<L 


( 128 ) 
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For longitudinal fillet welds in bending as at d 


/ = 


4.24Fe 

'liX' 


(129) 


The safe working stress depends upon the quality of the weld metal 
and the characteristics of the loading. Typical physical properties of 
metal deposited in welds by bare and coated electrodes are shown in 
Table 19. 

Permissible unit stresses as given in the American Welding Society 
Committee Code for Fusion Welding in Building Construction (1937) 
are given in Table 20. Working stresses recommended by Jennings for 



Fig. 143. Miscellaneous Fillet Welds. 


bare and coated electrodes are given in Table 21; also stress concentra- 
tion factors to be used where dynamic loads are encountered. 

For a more complete discussion of the design of welded joints the 
reader is referred to a paper by H. M. Priest, ‘The Practical Design of 
Welded Steel Structures, published in the August, 1933, issue of the 
Journal of the American Welding Society. Typical stress and design 
computations as presented in this paper are reproduced in Figs. 144, 145, 
146, and 147. 
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Fig. 144. 

(Prom “The Practical Desiim of Welded Steel Stnicturee,” by TI. M. Prieet, J. Am. WeUina Soc 

August, 1933.; 
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EXAMPLE 


HIT 

Tension Diagonal Stress *74 Kips 

111 

SECTION A A 

Heel 

2X4X3.0 

TT 

Toe 

74X1^6 „ 5 

2X4X2.5 

SECTION BB 




Fio. 145. Typical Welded Truss Joint. 

(Reprintwl from “The Praetiral DwiRn of Welder! Steel Structwre-e,” by H. M. Prieet, J. Am, WeUiirtif 

Soc., August, 1933.) 



(From “The Practical Design of Welded Steel Structures,” by H. M, Priest, J. Am. Welding Soc., 

August, 1933.) 





Beam Connections 



W = Beam Reaction - Kips 
R s Unit Working Stress on Weld - Kips 
per in. 

fj s Allow Unit Shear on Web - Kips per 
Sq. in. 

A - A' For Welds on Beam Web 

1^1 G 

I /? not to exceed — 

J Same for Girder Beams 

^ when Beams Frame 0pp. 


Mom. = Px.SA 
2P 




Beam Brackets 


i w j 

H-J 


-Spilt Beam Section 
Web^cts as the 
Sbffener 


Assume a •.BA 


T 



Assume o =.8^4 


l| 

X 


W • Beam Reaction - Kips 
R s Unit Working Stress on Weld - Kips per In. 



"SI. 




VieMs} 


FlO. 147. 

(From "The Practical Design of Welded Steel Strurturce," by H. M. Priest, J, Am, Welding Soc., 

August, 1933.) 
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PROBLEMS 

8*1 All members are 2-iTi . X 10-in . (nominal size) southern yellow pine. How many 
16d nails are required for the adequate de&ii^ii of thi** splice if the total force trans- 
mitted is 1500 lb compression? 



8*2 If the material is southern yellow pine, how many Teco No. 1 Split-Ring Con- 
nt‘(dora are required to transmit the force of 10,000 lb into the horizontal member? 



8*3 (a) Two pieces of Rocky Mountain Douglas fir, 3-in. X 10-in. nominal size, 

are fastened together by bolts as in Fig. 12()d. The pull on each piece is 30,000 lb. 
How many 1-in. diam. bolts will be required? (6) How many Teco Split-Ring Con- 
nectors No. 3 will be required if the angle of load with grain is 10° 

8-4 Two yellow pine pieces, each 2 in. x 6 in., are to Xk', fastened together as in 
Fig. 126d. The pull on the pieces is 10,000 lb. How many f-in. bolts will he re- 
quired? How many Teco Split-Rings No. 2 would be required if the grain makes an 
angle of 20° with the load? 

8*5 Find the unit shearing stress in each rivet. 
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8*6 Determine the magnitude and direction of the maximum shearing force per 
rivet for each rivet group. • 



8-7 Using the allowable rivet stresses in Table 1C and assuming the allowable 
tension in the plates to be 20,000 psi, find the allowable load, on the tension 
splice. 



8*8 Check the adequacy of the rivets in thci connection shown according to 
A.I.S.C. S|X!cification8. 


2 Ll4''x3H"x Ji" 2li.4''x31i*'x Js" 
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8*9 What is the shearing stress and the bearing stress in psi on these rivets at a 
point in the span where the transverse shearing force is 100,000 lb? 



rivets in pairs 

Spacing along the channel A** 
/*= 2664'''* (total section) 
Area channel s 6.03 sq in. 


L_^ I — 


8*10 Two 8-in.X^-in. steel plat-c‘s are welded together as shown in Fig. 1426, 
using ^-in. welds. The allowable unit stress on the weld is 13,600 psi, and the allow- 
able tension in the plates is 18,000 psi. What is the safe tensile strength of splice? 



Chapter 9 

TIMBER BEAMS AND COLUMNS 


89 Grades and Sizes of Timber 

Differing from most structural materials, wood is of organic origin 
and is used in its natural state. It is cut to specific shapes and sizes and 
is properly seasoned before use, and under particular conditions it may 
be impregnated with preservative material. Trees made into lumber 
and timbere are broadly divided into two groups, softwoods and hard- 
woods. The coniferous evergreen trees are customarily called softwoods 
and the broadileaved or deciduous trees hardwoods. 

As a result of its natural growth, wood may contain many defects ^ 
when considered for structural purposes. When manufactured into the 
ordinary commercial sizes, these defects will remain in the finished 
pieces, and the quality of a given piece will depend upon their extent, 
size, and location. In order to standardize material in classes for various 
usages, manufacturers have established grading rules - which limit these 
defects in various types of wood products. 

Lumber is defined as the product of the saw and planing mill not 
further manufactured than by sawing, resawing, and passing lengthwise 
through a standard planing machine, crosscut to length, and matched. 
Softwood lumber is classified into three main groups, yard lumber, 
structural timbers (often referred to under the general term timbers), and 
factory arid shop lumber. The general classification shown in Fig. 148 
gives the grade names used by lumber manufacturers^ associations for 
the various classes of material. 

Softwood yard lumber is lumV>er less than 5 inches in thickness and is 
intended for general building purposes. Strips are yard lumber less 
than 2 inches thick and under 8 inches wide. Boards are yard lumber 
less than 2 inches thick and 8 inches or over in width. Dimension is all 
yard lumber except strips, boards, and timbers; that is, yard lumber 
over 2 inches and under 5 inches in thickness and of any width. Planks 

^ See “Wood Handbook, “ published by United States Department of Agriculture; 
also Standard Definition D9~30, American Society for Testing Materials. 

* See “Wood Structural Design Data,” published by the Natural Lumber Manu- 
facturers’ Assoc.; also Basic Laws for Structural Grades in “Douglas Fir Use Book,” 
published by West Coast Lumberman’s Assoc. 
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are dimension lumber over 2 inches, and under 4 inches, in thickness and 
8 inches or more in width. Scantlings are dimension lumber over 2 inches 
and under 5 inches thick and under 8 inches in width. Heavy joists are 
dimension lumber 4 inches thiek and 8 inches or over in width. The 
grading of yard lumber is based upon the use of the entire piece except 


Softwood lumber 
(this claasifica- 
lion applies to 
rough or 
dreaeed lumber; 
aises given are 
nominal) 


Yard lumber (lumber 
less than 5 inches 
thick, intended for 
general building pur- 
poses; grading based 
on use of the entire 
piece) 


Structural material 
(lumber 5 inches or 
over in thickness and 
width, except joist 
and plank; grading 
based on strength 
and on use of entire 
piece) 


Factory and shop 
(grading based on 
area of piece suitable 
for cuttings of certain 
siae and quality) 


e 


Finish (less than 3 inches thick and 12 
inches and under in width) 


Boards (less than 2 inches thick and 8 
inches or over in width) . Strips (under 
8 inch^ in width) 


Qradea 
A select 
B select 
C select 
D select 
No. 1 boards 
No. 2 boards 
No. 3 boards 
No. 4 boards 
No. 5 boards 


Planks (2 inches 
and under 4 
inches thick 
and 8 inches 
and over wide) . 

Dimension (2 inches Scantling (2 
and under 5 inches inches and un- 
thick and of any’ der 5 inches 
width) thick and un- 

der 8 inches 
wide) 

Heavy joists (4 
inches thick 
and 8 inches or ( 
over wide) 

Joist and plank (2 inches to 4 inches thick and 4 inches and 
over wide) 

Beams and stringers (5 inches and over thick and 8 inches 
and over wide) 

Posts and timbers (6 by 6 inches and larger) 

Factory plank graded | 
for door, sash, and I 


No. 1 dimension 
No. 2 dimension 
No. 3 dimension 


No. 1 dimension 
No. 2 dimension 
No. 3 dimension 


No. 1 dimension 
No. 2 dimension 
No. 3 dimension 


other cuttings 1 
inch to 4 inches 
thick and 5 inches 
and over wide 


Shop lumber graded 
for general cut up 
purposes 


Factory clears 
upper grades 


Shop lower, 
grades 

1 inch thick 
(northern and 
western pine, 
and Pacific 
coast woods) 

All thicknesses 
(cypress, red- 
wood, and 
NorthCarolina 
pine) 


I Nos. 1 and 2 clear 
factory 

[ No. 3 dear factory 

No. 1 shop 
No. 2 shop 
No. 3 shop 

Select 

Shop 

Tank and boat 
stock, firsts and 
seconds, selects 
No. 1 shop 
No. 2 shop, box 


Fig. 148. 


(Prom “Wood Handbook,” published by U. S. Dept, of Agriculture.) 


that dimension planks and joists to be used where working stresses are 
required should be graded as structural material. Standard nominal 
dimensions of yard lumber are given in Table 22. 

Softwood yard lumber is graded on the basis of quality into two main 
classes: (a) select lumber, and (b) common lumber; these are again sub- 
divided into classes or grades depending upon the size, extent, and char- 
acter of defects (see Fig. 149). 

Structural timbers are softwood lumber 5 inches or larger in least 
dimension. This material is intended for use in carrying calculated 
stress and is graded with regard both to the strength and to the use of 
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the entire piece. Structural timbers, including dimension yard lumber 
intended for structural use, are further classified as joists and planks, 
beams and stringers, and posts and timbers. 

Structural timbers are graded for quality in accordance with their 
safe principal working stress. Thus IGOOf joist and plank indicates 
material suitable for carrying up to 1600 pounds per square inch tension 
or extreme fiber in bending; 1200c posts and timbers would indicate 


Finish items (lumber of 
good appearance and 
nnishing) 


Total products of 
a typical logar-. 
rangM in series 
according to 
quality as de- 
termined by ap- 
pearance 


Boards Cumber con- 
taining defects or blem- 
ishes which detract 
from the appearance of 
the finish but suitable 
for general-utility and 
construction purposes) 


Suitable for natural 
finishes 


Suitable for paint 
finishes 


Lumber suitable for 
use without waste 


Lumber permitting 
waste 


Grade A (practically free from 
defects) 

Grade B (allows a few small defects 
or blemishes) 

Grade C (allows a limited number 
of small defects or blemishes that 
can be covered with paint) 

Grade D (allows any number of 
defects or blemishes which do not 
detract from the appearance of 
> the finish especially when painted) 
No. 1 boards (sound and tight- 
knotted stock; sise of defects and 
blemishes limited; may be con- 
sidered water-tight lun\ber) 

No. 2 hoards (allows large and 
coarse defects; mav be consid- 
; ered graintight lumber) 

No. 3 lK>ards (allows larger and 
coarser defects than No. 2 and 
occasional knot holes) 

No. 4 boards (low-quality lumber 
admitting the coarsest defects, 
such as decay and holes) 

No. 5 boards (must hold together 
under ordinary handling) 


Fig. 149. 

(From "Wood Handbook," published by U. S. Dept, of Agriculture.) 


material suitable for carrying up to 1200 pounds per square inch com- 
pression as a short column. Lumber grades are specified by their com- 
mercial grade names as given in Table 25. The basis or stress grading 
for structural timbers was developed by the Forest Products Laboratory.* 
Manufactured lumber is classified as rough, surfaced, or worked. 

Rough lumber is undressed material as it comes from the saw, where 
it is cut to the nominal dimensions in green condition. Errors in sawing 
and the shrinkage due to seasoning may produce variations in the actual 
size of rough material from the nominal dimensions. 

Surfaced lumber is that which has been dressed by passing it through 
a standard planing machine. It may be surfaced on one side (SIS), two 
sides (S2S), one edge (SIE), or combinations of side and edges (SISIE), 
(S2S1E), etc. 

* “Guide to the Grading of Structural Timbers and the Determination of Working 
Stresses/’ Miscellaneous Publication 185 of the U. S. Dept. Agriculture. See also, 
^'Douglas Fir Use Book,” published by West Coast Lumberman’s Assoc.; “Wood 
Structural Design Data,” publication of National Lumber Manufacturers’ Assoc.; 
Specifications for Structural Timbers (1936), “American Ry. Engg. Assoc. Manual.” 
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Standard nominal dimensions for rough and surfaced yard lumber 
and structural timbers are given in Tables 22, 23, and 24. Lumber is 
indicated by its nominal dimensions, and its quantity is determined in 
hoard feet. A board foot is a piece 1 inch thick by 12 inches wide by 1 
foot long, and the number of board feet in any piece will be one-twelfth 
the product of its cross-sectional dimensions (in inches) with its length 

d ^ 

Flooring (Standard Match) 

Ceiling (Edge Beading) 



Drop Siding (Shiplapped) 


Bevel Siding 

. \T~ ^ 

Dressed and Matched (Center Matched) 

r* // H 

Shipiap 

Fig. 150. Six Typical Patterns of Lumber. 

(From “Wood Handbook,” published by U. S. Dept, of Agriculture.) 


(in feet). Actual minimum dimensions must be used in computations 
for strength. Lumber is cut to standard lengths, which are multiples of 
2 feet, except for the following odd lengths which are allowed. 


2X4, and 2X0 

2X8 

2X10 

8X8, 10X10, and 12X12 ] 
14X14, 16X10, and 18X18J 
6X0, 6X18, 8X10, and 8X18 


9 and 11 feet 
9, 11, and 13 feet 
13 and 15 feet 

11 and 13 feet 

15 and 17 feet 
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Worked lumber is that which has been run through a machine to pro- 
duce a particular form of cross section and may be matched, ship- 
lapped, or patterned. Matched lumber is edge dressed and shaped to 
make a close tongue and groove joint at the edges or ends when laid 
edge to edge or end to end. Shiplapped lumber is edge dressed to make a 
close rabbeted or lapped joint when laid edge to edge. Patterned lumber 
is worked lumber that is shaped to a pattern or mold form. Standard 
shapes of worked lumber may be obtained from various manufacturers^ 
associations upon request. Typical forms of standard workings are 
sho\Mi in Fig. 150. 

For more complete information relative to grades and sizes of lumber 
the reader is referred to the ‘^Wood Handbook^’ published by the United 
States Department of Agriculture, the ‘‘Manual of the American Rail- 
way Engineering Association,'^ and the publications of various lumber 
manufacturers' associations. 

90 Working Stresses for Structural Timbers 

Determination of a safe working stress for material of such variable 
qualities as wood requires consideration of many factors. Defects 
inherent in the material will, in accordance with their size and extent, 
tend to decrease its strength; conditions of exposure and particularly the 
presence of moisture will reduce further the capacity of the material to 
resist stress safely. The basis for determination of allowed working 
stress is the basic unit stress permissible on clear material under ideal or 
dry conditions of exposure; these are then reduced in accordance with 
effect of defects permissible in material of the given class and further 
reduced to allow for the effect of adverse conditions of exposure.^ Allow- 
able w’orking stresses recommended by the National Lumber Manufac- 
turers' Association are given in Table 25. 

Limitation of defects in material of a given stress grade is in accord- 
ance with specification ° standards; no material having defects in excess 
of these limitations is permitted in a given grade. For material con- 
tinuously dry and covered. Table 25 indicates directly the safe working 
stress for such material, and the amount by which these stresses must 
be reduced,® or the size of timbers increased to allow for adverse condi- 
tion of exposure, is dependent upon the judgment of the engineer. 

* See Miscellaneous Publication 185, U. S. Dept. Agriculture. 

*See Specifications for Structural Timbers, 1941, “American Railway Engg. 
Assoc.,” Manual A.A.S.H.O. Standard Specifications for Highway Bridges, 1944. 

• See Specifications for Structural Timbers, 1941, “A.R.E.A. Manual." 
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91 Wood Beams and Joists 

The safe load-carrying capacity of a rectangular wood beam is deter- 
mined by (1) the stress on the extreme fiber due to flexure; (2) the 
maximum horizontal shear stress; (3) the stress in compression across 
the grain at end bearings and under concentrated loads; and (4) the 
deflection permitted in the finished construction. 

The stress / on the extreme fiber in flexure is obtained from the flexure 
formula for homogeneous beams, / = Mc/I, and 


6M M 

1^^'s 


(130) 


where h = depth of section (actual size). 
b = width of section (actual size). 


I 21 

S = section modulus = — = — 

h 

Properties for designing rectangular timber sections are given in 
Table 26. 

The total shear per inch of span length on any horizontal plane in a 
homogeneous beam is given by the equation 

VQ 

vb = — (131) 


where V = change in bending-moment per inch of span at the given 
point in the span = total vertical shear at this point. 

I = moment of inertia of a vertical cross section taken at the 
given point in the span. 

Q = statical moment of that part of the cross section on one side 
of the horizontal plane with respect to the neutral axis. 

b = width of beam cut by the horizontal plane. 

V = intensity of shearing stress. 


For a rectangular section, the intensity of horizontal shear stress at any 
depth y from the top of the beam (where y 5 h/2) is, therefore, 


V = 


(SVyQi — y) 


ri32) 


For a rectangular section, Equation 132 indicates a parabolic variation 
of the intensity of shear stress from 0 at y = 0 to a maximum, when 
y = h/2y at the midpoint of the depth where 


37 


V 


(133) 
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For sections at the support, Equation 132 will produce results greatly 
in error, owing to the fact that timber checking will produce essentially 
a two-beam action,^ and the reaction will be carried by the upper and 
lower parts of the beam acting as two independent beams. For such a 
condition, the following solution has been recommended: 

(a) Use the equation 




(134) 


where R = reaction in pounds. 


(b) Use the customary allowable shear stress. 

(c) In calculating the reaction for use in the formula: 

(1) Take into account any relief to the beam as a result of load 
distribution to adjacent parallel beams by flooring or other 
parts of the construction; 

(2) Neglect all loads within a distance ecjual to the height of 
beam from both supports; 

(3) If there are moving loads, place the largest at a distance 
three times the height of the beam, from the support; 

(4) Treat all other loads in the usual manner. 


(d) If a timber does not qualify under the above recommendation, 
which under certain conditions may be overconservative, the reactions 
for the concentrated loads should be determined by the following equa- 
tion: 







(135) 


where P 
L 
a 
h 


any concentrated load on span, 
span in inches. 

distance from reaction to load P in inches, 
height of beam in inches. 


The intensity of bearing stress across the grain at the supp^ort is equal 
to the reaction divided by the bearing area. No account is taken of the 
fact that the intensity is higher at the edge of the support due to the 

^ 'Wood Beam Design Method Promises Economies, by J. A. Newlin, G. E. 
Heck, and H. W. March, Engg. News-Record^ May 11, 1933; “Shear in Checked 
Beams,” by J. A. Newlin, Bulletins of A.R.E.A.^ February, 1934; “Wood Hand- 
book,” U. S. Dept. Agriculture. • 
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deflection of the beam. Similar computations apply to concentrated 
loads which may occur at intermediate points. 

Deflection computations are made using formulae and methods 
applicable to homogeneous beams and a modulus of elasticity corre- 
sponding with the given quality and species of wood. Deflection limi- 
tations usually depend upon the usage of the completed structure. For 
plastered ceilings, deflection is usually limited to ^ of the span. Wood 
beams acquire a permanent set or sag, under long-continued loading, 
which is approximately equal to the dead-load deflection using the modu- 
lus given in Table 25. In order to make allowance for this it is customary 
to double the dead load but not the live load in computing deflection. 

Typical computations of critical stress in a wood-floor construction 
are shown in Fig. 151. The data given in Table 26 are useful in making 
such computations. The joist computations show that the maximum 
stresses are well within the safe capacity of the grade specified. The 
deflection, computed on the basis of twice the dead load plus the live 
load, is slightly in excess of the customary limit for plastered ceilings 
but not sufficiently so to require a change in the design. The teams are 
seen to be satisfacrtory as regards horizontal shear and tearing but will 
have excessive deflection. This condition cannot be corrected by speci- 
fying a higher grade timber and hence, to hold deflection to not more 
than of the span, the beam must be increased in size. Computation 
of a 10X12 beam will show a deflection of 

165 L 

— X 0.56 = 0.45 inch = 

209 360 

and hence would be satisfactory in this respect. An 8X14 timber, 
having a stilblarger /, will give still less deflection. 

Typical design computations are shown in Fig. 152. Such problems 
start with the assumption of the proposed layout and arrangement of 
members including estimated sizes. These assumptions are then revised 
as the design proceeds in case changes are necessary. It should be 
observed that many alternative arrangements and selections will be 
available, and the final design should select the best and most economical 
construction labor and material. It is frequently necessary to deter- 
mine several possible arrangements and base the choice on estimates of 
cost. In the example shown in Fig. 152 no attempt has been made to 
select the most economical design. In the computation relating to the 
laminated floor it will be observed that the thickness used would permit 
a team spacing of 5 feet. The 4-foot spacing chosen was selected because 
it would provide a regular and uniform spacing of teams ^vith respect to 
the column centers. Further design study should be made for a 2§-inch 





3 r;i 



Columns (g> 

^ 16 #♦. confers 


Live Load ISO pounds per sq. ft. 


Plonk Floor 

D.L. I" Finish Floofinq 2.5^/^'' 

2" Plonk Floor 4.5 

L.L iSfl. 

TofolLood I57#/D‘ 

For 12" width of floor: 

Safe Resisting Moment 

. . etc 1/8 X 5,800 .. 

Ma.. So(. Spon 5 


Assume ^2 Med. Groin, Stress Dim. 

Shortleof S.P. 

Allowed /= noo#/a* 
£= 1.600.000 
Actuol thickness = I ^ 1 " 


[Use 4 ft. 

Spocing of Beams 


Dead Lood ^ 7#/‘ 

for deflection, use u ~ (2 x 7) + 150 = 164 4/' 

Annrn. Mn. D.f _ S X 164 X (48^ X 12 X L £ 

' 384 X 12 X 1.600.^ X 12 X {!%)=»“ 368 

I Use 2 X 6 0 li M Med. Groin, Stress Dim. Short leof S.P. | 

Roor Beams 

(Beams spaced @ 4 ft. ctrs. — Span. 16 ft.) 

Floor Lood to eoch beam = 157 X 4 =r 6304/lin. ft. 

Wt. of beom — (Assumed) 30 

Total Load 6604, |in. ft. 

M»sf' B.-Mr=*'/| -X 660 X (16)^ X 12 = 254.000"4 

for /= 1700 Reqd. S= 150 Reqd. Siie = 8 X 12 (S = 165) 


Use 8X12 Dense No. 1 Structural B. & S. Short leaf S.P. 


Oeod load = 660 -(4 X 1 50) = 60 4/ lin. ft. 

For deflection, use ir ~ (2 x 60) -i 600 — 720 4/ lin. ft. 

Mox Oef - 5 X 720 X (192)'^ XL _ L 

' ~ 384 X 12 X 1600 000 X 951 ~ 280 

Horiiontol Sheer; V = —LX .yP .X < == 92 

2 X m X H'A 

Min. Length of bearing =: =: 2 inches 

Fig. 152. Typical Design Computations for a Timber Floor. 


Tables published by various manufacturers’ associations are useful in 
the design of timber beam and joist construction.® 

* “Wood Structural Design Data,” Natural Lumber Manufacturers.* Assoc.; 
“Douglas Fir Use Book,” West Coast Luml)crman*s Assoc.; “Maximum Spans for 
Joists and Rafters,** Natural Lumber Manufacturers* Assoc. 
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92 Built-Up Beams and Girders 

When solid timber of the required size is not available, wood beams 
and girders may be built up of smaller sections. 

Laminated beams with the laminations vertical and bolted together 
were found in tests ® at the Forest Products Laboratory to be as strong 
as solid beams of the same external dimensions. The pieces should be 
fastened thoroughly to prevent buckling of individual planks, and if 
spikes are used it is good practice to provide also some through bolts or 
bolts and connectors. It should be observed that a built-up beam of 
this type will contain more material (measured in board feet) than one 
of equivalent solid section; thus a solid 12X12 beam will have actual 
dimensions 11^X11 J and contain 12 board feet per foot of length; an 



Fig. 153. Built-Lp Beam with Diagonal Boards. 
(From “Wood Handbook," publwhed by V. S. Dept, of ARriculture.) 


equivalent section made of 7 planks 2X12 will have the actual dimen- 
sions ll|-Xll 2 will contain 14 board feet per foot of length. Built- 
up beams of this type should always be placed with laminations vertical. 

Built-up beams may also be constructed with two timbers placed one 
on the other and either with diagonal boards (Fig. 153) spiked to the 
sides of the timbers, or else the timbers should be bolted and keyed 
(Fig. 154) to provide shear resistance on the plane between the timbers. 
Tests have indicated that, as compared with l)eams of solid section, 
an eflBciency of 70 per cent may be obtained for the type shown in 
Fig. 153 and 80 per cent for the type in Fig. 154 when cast-iron keys 
are used. 

In the design of the type with rectangular keys, the l)ending-moment 
and shear diagrams are determined in the usual manner for the pre- 
scribed loading. The designing moment is then found by dividing the 
maximum bending-moment by the assumed efficiency percentage (80 
for cast-iron keys and 76 for white oak keys), and the theoretical size of 
required solid timber is determined in the usual way. Two equal tim- 

» “Built-Up Southern Yellow Pine Timbers Tested for Strength,” Natural Lumber 
Manufacturers’ Assoc., Wood Construction Information Service, Scr. E2b. 

Tests by Edward Kidwell, Trans. Am. Soc. Mining Engineers^ Vol. 27; “Resist- 
ance of Timber Joints,” by Alvarez, Engg. Record^ Vol. 70, No. 6. 
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bers are then selected whose actual dimension, when placed one on the 
other, will correspond with the theoretical size. The number and size 
of keys to be used are determined by trial. The forces acting on a key 
are shown in Fig. 155, and it will be noted Uiat Pi represents the total 




Fig. 154. Built-Up Beam with Keys or Shear- Pins. 


horizontal shear over a length of beam corresponding to the spacing of 
keys; therefore 


Pi 

P2 


\2h/ 

(136) 


41 

(137) 


where V = 
h = 
s^= 
t = 
I = 
b = 


total vertical shear on beam section at center of key. 

overall depth of beam. 

spacing of keys. 

vertical thickness of key. 

length of key in direction of span of beam. 

breadth of beam. 


fi = 
/ 2 - 


tb 

W 


compression unit stress on end of grain 


compressive stress normal to grain 


(138) 

(139) 


Bolts on either side of the key must be provided to resist the forces P 2 
in tension. Consideration must also be given to the horizontal shear 
parallel to the grain of timber on the section between keys (Fig. 156). 
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The size and spacing of keys are adjusted until unit stresses are within 
prescribed limits for the materials. More complete information on the 
design of this type of construction may be found in various treatises 
on timber designing. 



Deflections in built-up beams are likely to be excessive unless great 
care is used in their construction. Deflections of beams of the type 
shown in Fig. 153 are reported to be about double those of solid beams 
of the same size. Special care must be employed in framing keyed beams 
to obtain tight keys, and only thoroughly seasoned timber should be 



Fig. 156. Spacing of Rectangular Keys. 


used. Keys are sometimes made in two parts and are tapered like 
wedges so that a driving fit may be obtained. 

93 Trussed Beams 

When spans are too great for a single timber section and the head- 
room permits, a trussed beam (Fig. 157) may be used. 

In the approximate design of such a structure, joint loads are com- 
puted for joints C, D, and B as for a truss of like form and using 
center line dimensions. Stresses in the members of this truss are aasumed 
to constitute the direct stress in the several parts of the assembly. A 

“ Henry D. Dewell, Timber Framing^ Dewey Publishing Co., 1918; Hool and 
Johnson, ‘‘Handbook of Building Construction,^^ McGraw-Hill Book Co., 1929. 
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metal rod is selected to resist the direct stress in members AD and DBj 
and a timber or metal post or strut is provided for the direct stress in 
member CD. The force on the post will equal two ^imes the vertical 
component of the stress in the rod, and a saddle must be provided to 
distribute this over the bottom of the post. The bending moment in the 
beam is computed as if it were simply supported at A and B and a sec- 
tion selected using a reduced allowable stress to allow for the average 
direct stress from truss action. The foregoing computation for the beam 
assumes that it acts as two individual beams of length AC and CBj 



respectively; actually there will be some continuous action which will 
tend to increase the stiffness of the construction and reduce the unit 
stress. To take this into account, however, requires a solution using 
methods applicable to statically indeterminate structures. 

94 Timber Columns — Axial Loads 

Solid wood columns are classified into three groups: short columns, 
intermediate columns, and long columns. Short columns are those whose 
strength is dependent upon the crushing or compressi\'e resistance of the 
material only. Intermediate columns are those of such proportion of 
length to cross section that resistance to both crushing and lateral buck- 
ling determines their strength. Long columns are those of relatively 
slender proportions whose strength depends almost entirely upon their 
resistance to lateral deflection or buckling. 

It is customary to measure the slenderness of a rectangular timber 
column by the ratio of its length to its least transverse dimension, thus 

L/d = slenderness ratio 

where L = unsupported length in inches. 

d = dimension in inches normal to axis of bending. 

It should be noted that L represents the length over which bending may 
occur. The slenderness ratio is an inverse measure of the resistance to 
lateral buckling; hence the maximum value of L/d for a given column 
should be used. This will usually be obtained when d represents the 
dimension of the least side. 
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Tests made by the Forest Products Laboratory on Douglas fir and 
southern yellow pine timbers indicate that, when the slenderness ratio 
does not exceed 11, the strength of the column is measured entirely by 
the resistance of the material to compressive stress parallel to the grain. 
Thus 

P = fA (140) 

where P = safe total axial load on column. 

/ = allowed stress in compression parallel to grain for short 
columns (indicated by stress grade). 

A = area of cross section in square inches. 


For timber columns in the intermediate classification, the tests indi- 
cated that the law of strength is closely represented by a fourth power 
parabola which becomes tangent to the Euler curve at a point corre- 
sponding to two-thirds of the ultimate crushing strength. The equation 
of this parabola, kno^vn as the Forest Products Laboratory Fourth- 
Power Parabolic Formula, is as follows: 

When 

L/d > 11 



(141) 


The value of /C, which is the value of L/d corresponding to the point of 
tangency \vith the Euler curve, is obtained from the Euler formula 
(Equation 143) as follows: 


Let / = § of ultimate crushing strength. 
Then, when 


P 2 

-.-X3/.2/ 

__ L __ TT jP 
^ ^ d ” 2 


(142) 


The value of if is thus seen to be a constant for any species and grade 
of timber. 

Long columns are those where the value of L/d ec^uals or exceeds 
the value of as expressed in Equation 142. When L/d — Ky the allow- 
able axial unit stress in the column section is P/A = f /. The Timber 

“ Technical Bulletin 167, U. 8. Dept. Agriculture. 
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Products Laboratory found that within the elastic limit of the material 
the best interpretation of the behavior of long columns is the Euler 
formula. 



(143) 


Based on a safety factor of 3 and with pin ends assumed, the safe axial 
load as determined by this formula is as follows: 



It is generally recommended that no column be used in structural 
work with a slenderness ratio in excess of 50. The majority of columns 
used in actual construction are included in the short and intermediate 
classes. Design Chart V can be used for obtaining values of the allowed 
unit stress on the column, based on Equation 141. 

Round columns will carry the same loads in both bending and com- 
pression as square columns of the same sectional area. The procedure 
in the design of a round column is first to obtain the size required for a 
square column and then to use a diameter of round column which will 
give the same sectional area, thus 

D = ~ (145) 

V TT 


where D = required diameter (actual) of round column. 
d = required side (actual) of square column. 

For tapered round columns the diameter should be measured at a sec- 
tion one-third of the column length from the small end, and the stress on 
the small end must not exceed that permitted on a short column. 


96 Timber Columns — ^Bending and Direct Stress 

Columns are sometimes subjected to lateral loads or known eccen- 
tricities of longitudinal loading which produce determinable bending- 
moments and corresponding stresses in addition to those incident to 
column action. It should be observed that this additional bending 

“Newlin and Grayer, 'The Influence of the Form of a Wooden Beam on Its 
Stiffness and Strength,” National Advisory Committee for Aeronautics; Annual 
Reprint 9, Technical Report 181, pp. 377-393; Annual Report 10, Technical Report 
188, pp. 95-106. 
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action imposed on the column will tend to emphasize its tendency to 
buckle laterally under the axial or direct load, and the column will 
therefore be more critical in its behavior. Neglecting the secondary 
bending-moment induced by the lateral deflection, the fiber stress on the 
extreme fiber of the column section will be given by the equation 


/ = 



(146) 


where P 
A 
M 
d 

I 


longitudinal or axial load, 
area of cross section. 

bending-moment at the midlength of column. 

dimension of section normal to axis of bending (diameter of 

round column). 

moment of inertia of section. 


(Note that the bending stress given by the second term will be tension 
on one side and^ compression on the other side of the section.) 

There appears to be no uniformity of opinion as to what unit stress 
should be permitted on columns subject to such action. It is considered 
conservative practice to limit the value of the unit stress as obtained 
from Equation 146 to the value obtained for P/A in Equation 141 or 144. 


96 Timber Tension Members 

Timber is rarely used for tension members, as better and cheaper 
construction usually can be obtained by using structural steel shapes or 
rods. When wood members are designed for tension, the details of con- 
nections will usually control the design. Tensile stress computations 
are made on the basis of the net section of timber obtained by deducting 
the area removed from the gross section by bolt holes and cuts necessary 
for the connection of the end of the member, or for splicing. Allowable 
working stresses in tension are taken as the same values as allowed for 
flexural stress on the extreme fiber. 


97 Timber Trusses 

Since a truss is in general an assemblage of tension and compression 
members, the design of the individual members embodies the principles 
and methods which have previously been stated. The determination of 
joint details involves the exercise of ingenuity and understanding of the 
mechanics involved and an appreciation of the limitations of workman- 
ship. Typical joint details for timber roof trusses are shown in Fig. 158. 
A typical truss assembly is shown in Fig. 159. For further details the 
reader is referred to standard textbooks on timber design. 
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Courteny Timber Engineering Co, 


Fig. 159, Typical Timber Truss Construction. 

PROBLEMS 

9*1 The elements of the wood Ijeam shown are ftustened toKether by nails driven 
at 2-in. intervals. Determine the maximum shear and the maximum bemding- 
moment that the section can safely re.sist if the following conditions are imposed: 
(a) Maximum tensile or compres-sive stresses shall not exceed 1400 psi. (6) Maxi- 
mum shearing stress shall not exceed 200 psi. (c) Maximum horizontal shearing 
force on one nail shall not exceed 400 lb. 



9*2 (a) A 3-in. X 12-iii. wood joist (actual size 2j X 11 J) of 12-ft span, simply 8Uj>- 
ported, must carry a uniform dead load of 200 lb per ft (including iU own weight) 
and a concentrated movable live load, P. What is the maximum safe value of P 
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for the following allowable unit stresses: tension and compression 1600 psi and hori- 
zontal shear 140 psi? (6) Check deflection conditions to see whether maximum 
deflection is more than span. 

9«3 Find the depth of the Dou*»;t»ir. fir hc.am required to support the traveling 
hoist shown. Check shear stress. Dead load » 25 lb per linear ft including the 
track. Use Paragraph 218a grade Douglas fir, Coast Region. 



9-4 A timber beam 12 in. X20 in. in cross section is formed from two 10-in. X 12- 
in. sections by passing the horizontal shear through hardwood keys whose horizontal 
resistance H — 5000 lb. If the beam is subjected to two concentrated loads, P, as 


P P 



shown, what spacing S of the horizontal keys is required to develop a maximum 
normal fiber stress due to bending of 1600 psi? Bas(' calculation on sizes given and 
neglect dead weight of beam. 

9-6 Nails and friction between the two elements of the timber beam shown can 
develop a horizontal shear of 40 psi. The allowable extreme fiber stress in tension 



or compression is 1000 psi. Neglecting the weight of the beam, calculate the max- 
imum allowable concentrated load which the beam will carry at the center of (a) an 
8-ft span, and (6) a 6-ft span. 
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9«6 A timber beam is to be designed to carry a total uniform load (includes 
weight of beam) of 2500 lb per ft over a simple span of 20 ft. It has been decided to 
use longleaf southern pine, of Select Structural grade (B and S). Determine the 
minimum standard size timber required and the length of bearing at the ends. 

9*7 A timber beam, 3 in.Xl4. in nominal size, carries a total uniform load of 
175 lb per linear ft over a simple span of 20 ft. The allowable stresses are: in bend- 
ing, 1800 psi; in shear, 150 psi; in bearing on support, 350 psi; and deflection, 
of span. Is the beam safe? 

9*8 A square timber column 24 ft long is required to carry an axial load of 90,000 
lb. Using No. 1 Structural, P and T, long-leaf southern pine, what size timber is 
required? 

9*9 Find the maximum load P which can be raised by the biwm under its worst 
condition of operation. Assume that the lines of force are concurrent at a point 
20 ft from the bottom pin. Assume that all pulleys are frictionless. 
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STEEL TENSION MEMBERS, COLUMNS, BEAMS, 
AND GIRDERS 

98 Physical and Chemical Properties of Steel 

• Steel is manufactured from scrap and pig iron in either an open-hearth 
furnace, a Bessemer converter, or an electric furnace. Practically all 
steel intended for structural use is made by either the open-hearth or 
the Bessemer methods. Open-hearth steel Ls generally preferred to the 
Bessemer, as the method of manufacturing affords better control of such 
injurious elements as phosphorus and sulphur. The electric furnace is 
used in making alloy steels. Steel is also generally classified as carbon 
steel or alloy steel Carbon steel is steel which owes its distinctive prop- 
erties to the carbon rather than to the other elements which it contains. 
Alloy steel is steel which owes its particular qualities to some element 
or elements other than carbon. 

•Practically all steel used in general construction is carbon steel, which 
is further divided into three classes or grades, structural grade, inter- 
mediate grade “ and hard grade. The carbon content of structural grade 
steel is generally less than 0.25 per cent, for intermediate grade 0.25 to 
0.50 per cent, and for the hard grade more than 0.50 per cent. Increas- 
ing the carbon content tends to increase the tensile strength, hardness, 
and brittleness and to decrease the ductility. 

The specifications of the American Society for Testing Materials 
require that steel intended for bridges or buildings ® shall be made by 
either or both the open-hearth or electric-furnace processes, except that 
steel for plates and sections in. and under in thickness, intended for 
use in buildings and other structures subject to static loads only, may be 

' Also referred to as soft or mild steel. 

* Also referred to as medium steel. 

’Standard Specifications for Steel for Bridges and Buildings, A.S.T.M., Serial 
Designation A7-39. 
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made by the acid-Bessemer process. These specifications also limit the 
chemical composition of such steel as follows: 


Phosphorus, maximum percentage 
Open hearth or electric furnace 
Acid O.Ot) 

Basic 0.04 

Acid Bessemer 0.10 

Sulphur, maximum percentage (open hearth or electric 
furnace) 0.05 

Copper, when copper steel is specified, minimum per- 
centage 0.20 


Specified Physical Properties of Steel for Bridges and Buildings, 
Structural Rivet Steel, and Structural Silicon Steel, according to Stand- 
ard A.S.T.M. Specifications, are given in Table 27. 

The A.S.T.M. Specifications ^ require that structural silicon steel be 
made by either or both the open hearth or the electric furnace. The 
chemical composition of such steel is limited as follows: 


Carbon, maximum percentage 

Ladle 

Analysis 

0.40 

C-heck 

Analysis 

0.44 

Phosphorus, maximum percentage 
Acid 

0.00 

0.075 

Basic 

0.04 

0.05 

Sulphur, maximum penjentage 

0.05 

0.063 

Silicon, minimum percentage 

0.20 

0.18 


For structural rivet steel, the A.S.T.M. Specifications ^ require that 
it be made by either or both the open-hearth or electric-furnace processes. 
The chemical composition is limited in the same amounts as specified 
for steel intended for bridges and buildings. The physical properties 
specified are also given in Table 30. 

A small percentage of copper is sometimes added to structural steel 
to increase its resistance to corrosion.® Such material is known as 

* Standard SpecificationH for Structural Silicon Steel, A.S.T.M., Serial Designation 
A 94-39. 

® Standard Specifications for Structural Hi vet Steel, A.S.T.M., Serial Designation 
A 141-39. 

• “Copper in Steel, Its Influence on (k)rrosion," by D. M. Buck, J. of Ind. Eiigg. 
Chem., 1913, p. 447; “Symposium on the Outdoor Weathering of Metals and Metallic 
Coatings,” Proceedings A.S.T.M,, March 7, 1934; “A Critical Study of the A.S.T.M 
Corrosion Data on Cncoated Commercial Iron and Steel Shec^ts,” Proceedings 
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copper steel or copper bearing steel. Its principal use Is for steel struc- 
tures serving under extreme conditions of exposure and where the 
construction will be inaccessible after erection. The addition of less than 
2 per cent of copper does not niaterially change the physical properties 
of the steel as regards its strength and elastic behavior. 

Alloy steels are seldom used in ordinary structural work since their 
higher cost renders such use uneconomical. For structures of great mag- 
nitude, where dead weight plays an import ant part, and for other situa- 
tions where high strength is necessary, such steels may be desirable.^ 
The alloy steels most frequently used in such structures are silicon 
steel ® and nickel steel. 

• The physical properties of steel which are of primary concern to the 
engineer engaged in the design of a steel structure are its strength in 
tension, compression or shear, its elasticity, and its ductility. As noted 
in Table 27, structural steel used in bridge and building construction has 
a yield point strength in tension of not less than 33,000 pounds per 
square inch. Within this unit-stress limit, the material has almost per- 
fect elasticity, that is, the ability to regain its original form when the 
stress is released. For unit stresses less than the yield point (propor- 
tional limit), the material obeys Hooke's law, and the ratio of unit stress 
to corresponding unit strain (elongation in inches per inch) is constant. 
This ratio measures the elasticity of the material or modulus of elasticity 
and Ls denoted by the symbol E, The value of E for all types of steel 
varies within relatively narrow limits and is usually taken at 29,500,000 
pounds per square inch. Comparative stress-strain curves for several 
typos of steel and other metals are shown in Fig. IGO. It will be noted 
that, for unit stress beyond the proportional limit, the value of E has no 
significance since the material no longer follows Hooke\s law and, when 
stresvsed beyond the yield point it will retain a permanent deformation 
or set. Compression and shear behavior are similar to tensile behavior 
for stresses within the magnitude of the proportional limit in tension. 
Ductility of the material used for structures is an important quality 
since it measures the ability of the material to adjust itself to changes in 
form, without rupture. Local stress concentrations which have a mag- 
nitude beyond the elastic limit will cause the material to flow away 

A.S.T,M,f 1929; British Iron and Stotd Institute, Report of the Corrosion Commit- 
tee, First Report, 1931, Second Report, 1934; ''Durabihty of Light Weight Steel 
Construction, ' J. H. Cissel, and W. E. Quinsey, University of Michigan, Engineering 
Research Bulletin 30, 1942. 

^ See ‘^Structural Application of Steel and Light Weight Alloys, A Symposium,” 
Tranaactuma Am. Soc. C. E.^ 1937, p. 1179. 

® See American Society for Testing Materials Standards, A94-36. 
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from such points of concentration, and with ductile material this may be 
accomplished, to a limited degree, without destruction of the parts. 

Fatigue strength is not as a rule important in structures such as build- 
ings and bridges since maximum load conditions are not frequently 
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Fig. 160. Comparative Stress-Strain Curves. 

(From "Modem Stress Theories," by A. V. Karpov, Trana. Am. Sor. Civ. Eng., 1937, p. 1192.) 


repeated. Fatigue properties must of course be considered when a 
structural element must resist frequent applications of loadings as in 
machinery or movable structures. 

Working stresses are determined from a consideration of the elastic 
limit and ultimate strength of the material, the refinements possible in 
the calculation of stresses, and the probability of load combinations pro- 
ducing maximum effects, with allowance of reasonable margins or fac- 
tors of safety to provide for errors in assumptions, calculations, and 
construction. 
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99 Rolled-Steel Structural Sections 

For use in construction, structural steel is rolled into shapes, plates, 
and bars. Shapes are made by passing steel ingots through rolls which 
squeeze the metal into the desired form. Shapes most commonly used 
in structures, illustrated in Fig. 161, are called wide-flange sections, 
I-beams, channels, angles, zees, tees, etc. The American Institute of 
Steel Construction publishes a manual ® containing data on steel shapes 
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Si 


(a) Wide Flange Sections 
Designated thus: (Depth) VF (wt. per ft.) 

Typical: 24W=-110 



(6) Standard Beams (c) Standard Channels 

Designated thus: (Depth) I (wt. per ft.) Designated thus: (Depth) u (wt. per ft.) 

Typical: 12145 Typical: 10lj35 


Note: Dotted lines indicate 
methods of spreading 
rolls to increase the area 
id) Angles and weight of sections. 

Designated thus: 

(Long Leg) x (Short Leg) x (Thickness) 

Typical: 6 x 4 x % 
or: 4x4x^ 

Fig. 161. Typical Rolled-Steel Sections. 

and plates indispensable to the user of such steel products. This manual 
also contains other data and information of value to engineers. Tables 
28 to 34 inclusive have been extracted from this manual with the per- 
mission of the Institute. 

Wide-flange sections, American standard I-beams, and American 
standard channels are the section types most commonly employed for 
ordinary beam construction. Other shapes may be used for special pur- 
poses. For example, angles may be employed as lintels over windows 
or door openings, and zees may be used for purlins or girts in light steel 
framing. 

• Obtainable from the American Institute of Steel Construction at a nominal 
charge. 




244 STEEL TENSION MEMBERS, COLUMNS, BEAMS, AND GIRDERS 

100 Structural-Steel Tension Members 

Steel may be fashioned into a variety of forms for use in carrying 
tensile stress. The nature and purpose of the construction and require- 
ments to be met in fastening the member to adjacent construction will 
determine the most suitable form. To avoid undesirable stress concen- 
trations and to insure uniform stress distribution over the sections of a 
tension member, it is preferable to provide as compact a section as pos- 
sible. Since the strength is controlled by the area of the net section, the 
design of the connection will generally determine the arrangement and 
dimensions of the member. 

The simplest form of tension member is a round or sejuare bar. When 
threaded at the ends to provide attachment to adjacent construction, 
the area of cross section at the root of the thread constitutes the net 
area available to resist tension, and the ends are sometimes upset so 
that the area at the root of the thread is the same as that of the main 
_body of the bar. Standard clevises are available to fit the threaded end 
of the bar and thus transfer the force to pins passing through the holes 
provided in the clevis. Loop rods are formed by bending and forging 
one end into a loop which can engage a pin connection. Bars to be used 
with a clevis and also loop rods are usually made in two sections with a 
turnbuckle which may be adjusted to tighten the member after it is in 
place. Standard dimensions and details of plain and upset s(Tew' ends, 
clevises, and loop rods may be ol>tained from the “Steel Manual.’^ 
Members of this type are most frecjuently used in temporary construc- 
tion, for bracing and tie rods, and in small roof trusses. 

Eye-bars are relatively thick platens with heads forged on each end 
and the heads drilled to provide for a pin connection. They are prin- 
cipally used in pin-connected trusses of relatively large size. In large 
work, eye-bars are frequently made of alloy steel or are specially heat- 
treated to provide high strength. Standard dimensions for eye-bar 
heads are given in the “Steel Manual.'^ 

♦Rolled-steel angles are frequently used for carrying tension stresses 
in riveted trusses and similar coastruction. They may be used singly or 
in pairs and are fastened at their ends by rivets or bolts to gusset plates 
which form a common connector for all members meeting at a joint. 
jWhen used in pairs, angles are usually fastened together by stitch rivets 
fat intervals of 2 or 3 feet. In using angles for tension members, diffi- 
culty is encountered in providing a concentric connection and a uniform 
distribution of stress over the entire cross section of the angle. Usually 
the angle is connected to the gusset plate by rivets in one leg only, thus 
developing eccentricity and producing stress concentration in the 
attached leg. For this reason, the American Railway P^ngineering 
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Association specifications for railway bridges require that, when 
angles are connected on one side to a gusset plate, the effective section 
shall be the net section of the connected leg plus one-hrilf the section of 
the unconnected leg. Therefore, unecpial leg angles with the longer leg 
contacting the gusset plate are generally preferred. 

Built-up sections consisting of plates and angles or other rolled sec- 
tions may also be employed as tension members where such use is eco- 



Additions — 


AB. 8 = (2i/j + V/4 - 'h) = •*'/4 ] ^ , j 

S= I'/, 1 *'J 


BC. 8= i'h 
S= I'/, 


I 






= 0.22 

0.35 


Total deduction 3.28 

Net width 3-22 in. 

Chain A D : Grots width = ^ ^ '/z — 

Deduct 2 holes @ y% = I >75 

Additions — none ’ 

Net width 7.75 


Ar«o Net Section. (Chain ABC) = 7.22 X Vi = 2.61 sq. in. 

Fio. 162. DeUTinination of Net Section. 


nomic or otherwise desirable. In the design of such members, considera- 
tion must be given to the reduction in section by the holes required for 
the rivets used to fasten the parts together. Standard rules for deter- 
mining the net section of a riveted tension member are as follows: 

(o) The net section of a built-up riveted tension member is obtained 
by adding the net section of the parts composing the member. 

(6) The net section of any part is the product of its thickness and its 
least net width. 

^ (c) The gross width of a part is the width of a right section. The net 
width is obtained from the gross width by deducting the sum of diame- 

A.R.E.A. Specifications (1944) for Steel Railway Bridges. 
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ters of all rivet holes in any chain across the section and adding for 
each gage space in such chain the quantity 


^9 


(147) 


where S = pitch of any two successive holes in the chain. 
g = gage of the same holes. 


(d) The gross width of an angle is the sum of the widths of the legs 
less the thickness. For holes in opposite legs, the gage is considered to 
be the sum of the gages from the back of the angle less the thickness. 
A typical example of the application of the foregoing rules is given in 
Fig. 162. 


' 101 Steel Columns — Safe Axial Loading 

A member is said to be axially loaded when the resultant of the applied 
external loading acts in the direction of the longitudinal axis of the 
member and passes through the centroid of all sections of the member. 
Under such an ideal condition, no l:>ending could occur on any section 
and ajl parts would be subject to purely compressive stress. It is, how- 
ever, physically impossible to apply external loading with such theoret- 
ical accuracy; moreover, the variations in straightness of the elements of 
the column, inaccuracies in cross-sectional dimensions, variation in the 
material and other factors will produce unintentional eccentricities w ith 
the result that bending-moments will actually develop, and the member 
will deflect accordingly. If unbraced against lateral deflection, the 
colunrn must resist the resultant tendency to deflect through the develop- 
ment of internal resisting stresses which will combine with the axial 
stresses. For relatively short hpavy sections, the magnitude of such 
deflection as may be induced by bending is relatively small, and the 
strength of the column will be limited by the compressive resistance or 
crushing strength of the material. For extremely long slender columns 
which have small resistance to bending, the lack of stiffness may per- 
mit comparatively large lateral deflections with correspondingly high 
flexural stresses so that the ultimate failure of the column would be the 
result of flexural action instead of crushing of the material. Betw^een 
these two extremes lies a range of conditions wherein failure may be due 
to a combination of crashing and flexural action and the determination of 
safe load requires an accurate appraisal of the probable magnitudes of 
these actions. 

In accordance with the foregoing conception of column behavior and 
to provide a convenient classification for column analysis and design, 
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columns are classified in three groups, short columns, intermediate col- 
umns, and long columns. Short columns include those whose propor- 
tions are such that their load capacity is dependent solely upon the 
crushing resistance of the material. Intermediate colunms are those 
whose safe capacity depends upon a combination of crushing and bend- 
ing resistance. Long columns are those whoso capacity depends almost 
entirely upon their resistance to bending. 

The comparative stiffness of a column is measured by its slenderness 
ratio, which for steel columns is defined as the ratio of the unsupported 
length to the radius of gyration of the column section; hence 

L/r = slenderness ratio 

where L = unsupported length of column or length over which bending 
; must be resisted by the column section, 
r = radius of gyration of cross section = y/TjA. 

I = moment of inertia of cross section. 

A = area of cross section. 

In computing the value of L/r, such axis of the cross section is chosen 
as will prcxluce the maximum value of this ratio and r is therefore usually 
the least radius of gyration of the section. Approximate limiting values 
of the slenderness ratio which define the three classes of columns are as 
follows : 

Short columns L/r = 0 to 40 

Intermediate columns L/r = 40 to 170 

Long columns L/r = greater than 170 

The axial load which will produce failure of a long 
by the Euler formula as follows: 

Columns with pin ends P = f A = 

Columns with fixed ends P — f A = 

where A = area of cross section. 

/ = average unit stress on section. 

E = modulus of elasticity. 

L/r = slenderness ratio. 

It should be noted that the Euler formula is applicable only to stresses 
within the elastic limit of the material. Therefore, since the elastic 

“ For derivation, see any standard text on strength of materials. 


column is expressed 

{L/rf 

(148) 

iv^EA 

(JLJrf 

(149) 



248 STEEL TENSION MEMBERS, COLUMNS, BEAMS, AND GIRDERS 


limit stress and modulus of elasticity of structural steel are about 33,000 
and 29,000,000 pounds per square inch, respectively. Equation 148 is 
not applicable to steel sections whose L/r ratio is less than 93 since, for 
smaller values, a breaking unit stress greater than the elastic limit would 
be indicated. The Euler formula takes no account of the crushing 
strength of the material and will therefore give inaccurate values of the 
breaking strength of the column when L/r is less than a value of about 
170. When used for columns having an L/r greater than about 170, 
tests indicate that the Euler formula accurately determines the break- 
ing strength. Safe working strengths for long columns can therefore be 
obtained by dividing the value of / as given by the Euler formula by a 
suitable factor of safety, usually not less than 2. 

The theoretical expression or formula which at present appears to best 
represent the behavior of columns in the intermediate and short classifica- 
tions is the so-called secant formula, 



where P 
A 
e 

c 

r 

L 

E 

f 


load on column (parallel to longitudinal axis of column), 
area of cross section. 

eccentricity of load P from the neutral axis of the column 

section at the ends of the column. 

distance from neutral axis of section to extreme fiber. 

radius of gyration of column section. 

unsupported length of column. 

modulus of elasticity of material. 

maximum compressive unit stress developed on the section. 


In the derivation of Equation 150, the load P is assumed to have a small, 
even if unintended, eccentricity, and the final unit stress on the extreme 
fiber is computed as the sum of the average direct stress P/ A and the 
stress due to a bending-moment P{e + A), where A is the resultant final 
deflection of the column. Equation 150 expresses the sum of these unit 
stresses. It should also be noted that the term L/2ry/{P/EA) is ex- 
pressed ill radians (one radian = 57.2958 degrees). The term ec/r^ is a 
constant for a given cross section and can be used as a measure of the 
actual or unintentional eccentricity of axial loading, crookedness of the 
column, and other conditions which may promote lateral deflection. In 

For complete derivation, the reader is referred to current textbooks on strength 
of materials; also Proceedings Am, Soc. C. E., February, 1929, p. 416; also Transact 
lions Am, Soc. C. E., 1936, pp. 422-500, for discussions of column theories. 
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the Final Report of the Steel Column Research Committee of the Amer- 
ican Society of Civil Engineers,^* a value of ec/i^ = 0.25 is recommended 
as a rational allowance for this term. This committee also proposed the 
following general formula for the working stress to be used for all classes 
of steel columns: 


m 


V = 


I + a sec 



where p = working stress. 

Sy = yield point of material. 
m = factor of safety. 
a = eccentric ratio assumed. 

V = assumed free length of column. 


(151) 


In addition to recommending that the eccentric ratio be taken equal to 
0.25, the committee proposed that for riveted connected members, as in 
the case of compression members in riveted trusses, the value of V be 



(From Final Report of Special Coniriiittce on Steel Column Research, Trans. A, S, C, E.t 

1933, p. 1455.) 


taken as three-fourths the full length of member. In view of objections 
to the secant formula on the grounds of its complexity for practical use, 
the studies of the committee showed that a formula of the parabolic 
type gave practically the same values as the secant formula for all values 

” Transactions Am. Soc. C. E., 1933, pp. 1376-1462. 
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of L/r up to 160 (Fig. 163). In view of this fact, the following form- 
ulae were proposed : 

Members with riveted ends p = 15,000 — \(L/r)^ (152) 

Members with pin ends p = 15,000 — \{L/r)^ (153) 

These formulae provide a factor of safety of about 1 .7 when results are 
compared with those obtained from Equation 151 using Sy = 32,000, 
a = 0.25, and V = fL. 

The A.A.S.H.O. Specifications (1944) for highway bridges and the 
A.R.E.A. Specifications (1944) for steel railway bridges require the use 
of Equations 152 and 153 for designing compression members up to 
values of L/r = 140. For larger values of L/r, the A.R.E.A. Specifica- 
tions require the use of Equation 151 with the following values: 

Sy = 33,000 for structural steel 

= 45,000 for silicon steel 

= 50,000 for nickel steel 

m = 1.76 for structural steel 

= 1 .80 for silicon steel 

= 1.78 for nickel steel 

a = 0.25 

V = f L for riveted ends 
= ^L for pin ends 
E = 29,400,000 


For practical use with columns of structural-grade steel, Equation 151 
can be more conveniently arranged as follows: 


18,700 

^ " [1 + iK] 

where K. — sec (0.007 L/r. y/p)(m degrees) 
L — ^ total length for riveted ends. 
= ^ total length for pin ends. 


(154) 

(155) 
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The value of p can be obtained from Equation 155 by successive approx- 
imations, and the chart given in Fig. 164 is useful in estimating values 
of (^K) for substitutions in the formula. Note that, since p must not 



exceed 33,000/m = 18,700, the value of must always be positive; 
hence the formula can be used only when 

Ij /— 

0.007 -Vp <90 (156) 

r 

The A.I.S.C. Specifications (1946) for steel buildings require the fol- 
lowing formulae for determining the working stress on the gross section 
of steel columns. 
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For axially loaded columns 

L/r not greater than 120 

L/r greater than 120 


p = 17,000 ~ 0.485(L/r)^ 
18,000 


P = 


1 + — — (L/r)2 

18,000 


(157) 

(158) 


Examples of computations to determine the safe load on a compres- 
sion member are as follows: 


Example 1 

Determine the safe axial load on the following column : 

Column section 10 X 10 wide-flange rolled section 00 lb i)er ft. 
Unsupix)rted length 12 ft. 

From Table 28, A — 17.66 sq in., least r = 2.57 in. 

144 

L/r = — - = 56 and (L/O^ = 3136 
2.5/ 

A.I.S.C. Specifications (Equation 157), safe p - 17,000 — (0.485 X 3136) 

= 1 5,480 i)si. 

Safe axial load = 15,480 X 17.66 = 273,000 lb 


Example 2 

A 4 X 4 X f structural-steel angle is to be used as a column to carry axial 
loading and will have an unsupported length of 10 ft, 6 in. Determine the safe 
axial load in accordance with both the A.I.S.C. and A.H.IC.A. Sj)ecifications. 
Unsupported length = 10 ft 6 in. = 126 in. 

Least r (from Table 33) = 0.79 in., A = 2.86 sq in. 

L/r = 160 and (L/r)^ = 25,600 

A.I.S.C. Specifications: 

18 900 

Allowed unit stres.s (E(juation 158) = — = 7420 psi 

1 4. 

18,000 

Safe axial load = 7420 X 2.86 = 21,200 lb 
A.R.E.A. Specifications: 

L/r = 160 > 140 (use Eciuation 151 mcxlified as shown by Equation 154) 
Try p = 5000 


A' 

V 


= 5.5 




From Fig. 164, 




Therefore, since the assumed and computed values of p are in substantial 
agreement, the allowable p = 5750 psi and safe axial load = 5750 X 2.86 = 
16,500 lb. 


102 Shear in Built-Up Steel Columns 

Built-up columns are composed of shapes and plates so fastened 
together that the composite section may be considered to act as a unit. 
Unless the fastening is adequate, the strength of the colunm will be 
merely the sum of the column strengths of the individual parts used in 
its make-up. The bending or buckling of the column under axial loading 
induces shearing forces which tend to separate the elements making up 
the section. For solid column sections, such as H-beams, these shear 
stresses are of neglibile magnitude, but built-up columns must be de- 
signed to resist such stresses. 



Fig. 165. Lacing for Steel Columns. 


The A.I.S.C. Specifications (194G) for steel buildings require lacing 
bars to be placed on the open sides of all compression members with tie 
or batten plates at each end of the member and at intermediate points if 
lacing is interrupted (Fig. 165). The spacing of lacing bam should be 

For a more complete discussion, see "Rational Design of Steel Columns,” by 
Young, Trariaactiona Am» Soc, C. J^., 1936, p. 440. 
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such that the L/r ratio of the flange between connections is not more 
than three-fourths that of the member as a whole, and the inclination 
to the axis of the member should be not less than 45 degrees for double 
lacing and 60 degrees for single lacing. These specifications require 
further that the lacing be proportioned to resist a shearing stress, normal 
to the axis of the member, equal to 2 per cent of the total compressive 
stress in the member. The lacing acts as a truss in resisting this total 
shear, and the force in an individual bar is therefore given by the follow- 
ing expression: 

1 

F = ^ [0.02P sec (90 - a)] (159) 

where F = force in lacing bar (compression). 

P = axial column load. 
a = inclination of bar to axis of member. 

.V = number of planes of lacing. 

The bar is designed as a column to resist the axial force F, and the L/r of 
the bar is limited to a maximum of 140 for single lacing and 200 for 
double lacing. For further details, the reader should consult the speci- 
fications referred to. 

The A.R.E.A. Specifications (1944) for steel railway bridges require 
that the spacing be such that the slenderness ratio of the flange between 
connections shall not be more than 40 or more than two-thirds the slen- 
derness ratio of the whole member. The angle of inclination of lacing 
bars to the axis of the member should be approximately 60 degrees for 
single lacing and 45 degrees for double lacing. The shearing force normal 
to the axis of the member and in the plane of the lacing is determined 
from the following formula: 


This shear is assumed to be equally divided among all parallel planes in 
which there are shear resisting elements whether continuous plates or 
lacing and the force in individual lacing bars computed as for the diago- 
nal of a parallel chord truss. Further details of construction may be 
obtained by reference to the specifications. 

103 Selection and Design of Steel Columns 

In common with previously discussed problems of structural design, 
columns are designed by successive approximations. The load delivered 
to the top of the column is estimated from the previously established 



,, p r ICO , 

100 LiA + 10 100 
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design of the construction to be supported, and the estimated weight of 
the column itself is generally added to this load. The choice of type of 
section to be used is a matter of judgment with due consideration for the 
details of connections to adjacent or supported construction and econ- 
omy of material and labor in the construction of the column itself. Since 
the buckling resistance is a function of the least radius of gyration, it 
follows that an ideal column section would be one which had equal radii 
of gyration with respjBct to all axe^ through the centroid of the section, 
and a hollow cylindrical section such as ^ pipe would therefore furnish 
such an ideal section, The diffi.ciilty of making connections to such a 
member, however, usually prevents its use. A hollow square section 
could be regarded as an approximation of the cylinder and, while a 
section of this type might present difficulties in fabrication, it will be 
observed that most column sections tend toward such a form. Typical 
arrangements used for compression members are shown in Fig. 166. 



(a) H Section- (6) Chanels with <c) Bridge Chord (d) Four 
Cover Plates or Section- Angles with 

Lattice Lattice or Web 

Plate 

Fia, 166. Typical Column Sections. 

Several such arrangements are generally available for use in any par- 
ticular situation, and the designer should choose the one which best 
meets the requirement of overall economy. Usually alternate designs are 
prepared and their advantages compared before a final selection is made. 

Tables such as those given in the “Steel ManuaF^ are necessary for 
the selection of column sections of standard types. For column sections 
built-up of plates and shapes, the design is started by assuming the 
probable unit stress which will be allowed on the final column. Then 
a tentative required area is determined and a section is arranged to fur- 
nish this area. The least radius of gyration (maximum L/r) of this sec- 
tion determines the allowed working stress and with this working stress, 
the required area is again computed and the section revised accordingly. 
This process is repeated until the section and allowable unit stress are 
in complete agreement. 

In the typical design problem solved in Fig. 167 two sections have 
been selected which will meet the given requirements. Type A weighs 
100 pounds per linear foot, whereas the weight of Type B is computed 
to be 93.94 pounds per linear foot. Thus about 6 pounds per foot or 
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90 pounds for each column could be saved by using Type B. It is prob- 
able, however, that this saving would be more than offset by the addi- 
tional cost of fabricating column Type B. 


DESIGN OF STRUCTURAL STEEL COLUMN 

Allot Column Lood = 400,000 lb. 

Unsupported Length = 15 ft. 

Column must not exceed 11“ X U“ in overall dimensions ond 
becouse of connections to other construction either on H 
Section or built up plate and angle section must be selected. 
Specificotion requirements: 

must not exceed 1 20 

Working stress r= 17000 0.485 

Two types win be designed os follows: 

TYPE A — Wide Flange Beam — H Section 
Assume p = 15000 #/□** 

Reqd. A = iOOOOO _ 25.7C“ — 

15000 

iO W 100 (Site to X 10) A= 29.43. r = 2.65 
^ _I5X 12 
T- - -165“ - 

p = 17000 — 1-485 X = 14760 
Reqd. A = = 27.1 < 29.43 

TYPE B — - «»'<l Angle Section — - 

Trial Section ^ 


5 If* 

©-- 

r 

u 


(!) 

11“ 


Section — 2 Cov. Pis. 1 1 X % Area 8.25 


4 Z.S 5 X 3«/a X »/2 
I Web9xH 
A- 


16.00 

3.38 

27.63 


Moment of inertia — 



All* ^ ^ 

IHIHBSIEflSIHHIil 

Cov. Pis. 
Anglos 
Wob 

4.12 X 4.94* = 101 
4(4.1 -f (4 X 3.84*)1 = 252 
= 23 

376 



Least r. Axis 2 - 2 = = 2.54 

^ I5X 12 _ 
r 2.54 “* 

p= 17000 — [.485X(7in= I4S50 
Reqd. A=^^=27.5 <27.63 

Fio. 167. Design of Structural Steel Column. 


104 Eccentric Loads — ^Bending and Direct Stress 

When columns are subject to a known eccentricity of loading, the 
stress on the extreme fiber can be computed from the secant formula 
(Equation 150), which is derived for such a condition of loading. It 

[ec /L rF\l 

should be noted that the term — sec I — \ ) represents the bend- 

Lr \2r ^EA/j 

ing stress which is, of course, tension on the side opposite the eccentricity 
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J and compression on the other side. The allowable working stress for 
f such columns should be determined from Equation 151, using the fol- 
\ lowing value for a: 

tv 

a = - + OmiL/r (161) 

rz 

When columns are subjecrted to transverse loading or bending-mo- 
ments, including those produced by a known (eccentricity of axial load, 



Equation 150 may be expressed in the following form by substituting M 
for Pe.y where M is the bending-moment on a section at the middle of the 
column length due to all external forces including eccentricity of axial 
loading. 


where 





P Me 


K 


cos 




(162) 


( 163 ) 


(units for term in parentheses are degrees) 
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Values of K may be taken from Fig. 168. It should be noted that K 
= unity when L/r = 0; hence for relatively short stiff members this 
factor can be omitted. Equation 162 is also sometimes written in 
the form 





Me 


/zb 


PL2 

'CE 


(164) 


where C = a constant based upon the condition of end restraint and 
nature of loading. 


97000# 



^^97000 ^ ,0000 

A 9.7 

Using Eq. 162 

From Chort (Rg. 168) K =: 0.88 

Me __ 2444000X4 _ 

KI .88X07.9 

/ = 10000 + 9400 = 19400 #/□*’ (Inft foe*) 

/= 10000 — 9400 = 600 #/D" (right foe*) 

Using Eq. 164 

C = 12 

PL^ ^ 97000 x iT2» ^ ,0 5 
12 £; 12 X 29400000 

117.9 — 10.5 = 107.4 

Me - 244000 X 4 _ ^ 

~ J07.4 “ 

/= 10000 -f 9050 = I9050#/D" (kft foe*) 

/= 10000 — 9050 = 950#/a'’ (right foe*) 

• Fig. 169. Structural Steel Column — Eccentric Load. 


For a concentrated transverse load acting at the middle of the column 
length 

Column with hinged ends C = 12 
Column with fixed ends C ~ 24 




ROLLED’STEEL BEAMS— SAFE LOADS 


259 


For a uniform transverse load over the length of the column 

Column with hinged ends C = 10 
Column with fixed ends C = 32 


The + sign is applied to the second term in Equations 162 and 164 to 
determine the maximum compressive stress in the extreme fiber on one 



Areo of 2Z.J = 2 X 8.44 = 16.88 

/ of 2^1 = 2 X 28.2 = 56.4 

WoigM of 22-t = 2 X 28.7 = 57.4# (♦. 


— 203000" # 
+ 34S00 

— 168500 

Ut« Equation 164 C =: 10 

PL^ _ iOOOOO X 240^ _ .. 

CE “ 10 X 29500000 ~ 


Bendinq Moment (at center of Length) 

Direct Stress 100000 X 2.03 = 

Weight of 4 s 57.4 X 50'X «/, X 12 = 
Total M z= 


Top fiber 


f — tOOOOQ 4 . 168500 X t 78 

^ “ 16.88 56.4 -h 19.5 

= 5930 + 3950 = 8880#/ " (tension) 


Bottom fiber 


f- 100000 _ 168500 X 4.22 

' - 1688 56.4 + 19.5 

= 5930 — 9400 = 3470# /l:" (compression) 


Fig. 170. Steel Angles in Tension — Bending and Direct Stress. 


side of the section, and the — sign is used to determine the unit stress 
on the opposite face of the column. The — sign applies to the term 
PL^/CE in Equation 164 when F is a compressive force. When Equa- 
tion 164 is used for tension members subject to bending and direct stress, 
the signs noted above are reversed. 

Typical solutions of problems in bending and direct stress are shown 
in Figs. 169 and 170. 


*105 Rolled-Steel Beams — Safe Loads 

The load-carrying capacity of a rolled-steel beam is determined by its 
ability to resist bending-moment, shear, crippling of the web, and deflec- 
tion. Unit stresses developed in all parts of the beam must not exceed 
commonly accepted safe working values. Bending-moments and shears 
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are computed in the usual manner, based upon the given loading with 
proper allowance for the weight of the beam. Tables in the ^^Steel 
Manuar^ (see Appendix) give the physical dimensions and other data 
used in strength computations. 

The stress on the extreme fiber due to bending is obtained from the 
formula for homogeneous beams: 


Me M 



where M = bending-moment on a given section. 

/ = unit stress at extreme fiber. 
c = distance from neutral axis to /. 
d = overall depth of beam. 

/ = moment of inertia of cross section (given in tables). 

S = section modulus (given in tables). 

When the section is constant over the entire span, the unit stress is com- 
puted from the greatest bending-moment. When holes are punched in 
the flanges or web for connections to adjacent construction or where the 
section may be altered for any purpose, consideration must be given to a 
possible critical strength at such points. With respect to the necessary 
deductions for rivet holes, the American Institute of Steel Construction 
^^Specifications for the Design, Fabrication, and Erection of Structural 
Steel for Buildings,” 1946, provides as follows: 

Riveted and welded plate girders, covct plated beams and rolled beams shall in 
general be proportioned by the moment of inertia of the gross section. No deduc- 
tion shall be made for standard shop or field rivet holes in either flange; exccjpt that 
in special cases where the reduction of the area of either flange by such rivet holes 
. . . exceeds 15% of the grass flange area, the excess shall be deducU^d. If such 
members contain other holes, as for bolts, pins, countersunk rivets, or plug or slot^ 
welds, the full deduction for such holes shall be made. The deductions thus appli- 
cable to either flange shall be made also for the opposite flange if the corresponding 
holes are there present. 

The A.A.S.H.O. Specifications (1944) for the design and construction 
of steel railway bridges provide that plate girders, I-beams, and other 
members subject to bending that prorluces tension on one face shall be 
proportioned by the moment-of-inertia method. The neutral axis is 
taken along the center of gravity of the gross section; tensile stress is 
computed from the moment of inertia of the entire net section; and the 
compressive stress is computed from the moment of inertia of the entire 
gross section. 
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For design of building construction, the A.I.S.C. Specifications (1946) 
permit unit stresses on rolled I-beams as follows: 

Tension on extreme fiber 20,000 psi 

Compression on extreme fiber 

with Ld/bt not in excess of 600 20,000 psi 

12 000 000 

with Ld/ht in excess of GOO — 7 — 7 — psi (105) 

Jjd/bt 

L is the unsupported length and d the depth of the member; h is the 
width and t the thickness of its compression flange; all are in inches, 
except that L shall be taken as twice the length of the compression 
flange of a cantilever beam not fully stayed at its outer end against 
translation or rotation. 

For railway bridges, the A.R.E.A. Specifications (1944) permit the 
following unit stresses on rolled I-beams: 

Tension on extreme fiber 18,000 psi 

Compression on extreme fiber 

when L/b is less than 40 18,000 — 5(L/b)^ (166) 

L is the unsupported length, and b is the width of the compression 
flange. 

For highway bridges, the A.A.S.H.O. Specifications (1944) provide 
the same allowable stresses as noted above for railway bridges. 

•Vertical shear is seldom critical in rolled-beam sections except for 
very short spans with heavy loading. Even for such sections, the chief 
danger is the probability of the web 
buckling (Fig. 171 a) rather than of the 
material failing in shear. The intensity 
of shear stress at any point in the depth 
may be determined from the general 
equation for homogeneous beams (see 
Equation 131), and a typical distribu- 
tion for an I-section is shown at Fig. 

1716. It is seen that the flange areas 
contribute little to the total shear resistance and that the intensity of 
stress is fairly uniform over the depth of the web proper. For practical 
purposes, therefore, 

V 

V — — 

ih 



( 167 ) 
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where v = average intensity of vertical shear stress. 

V = total shear on section. 
t = web thickness. 
h = depth of web proper = d — 2k. 
d = overall depth of beam. 

k = distance from outer face of flange, to toe of fillet. 

For American Standard I-beams, the distance k is approximately 
equal to 0.56 + 0.0625 (d — 3). For wide flange beams the distance k is 
approximately equal to twice the flange thickness. Actual values of 
this dimension are given in the ‘‘Steel Manual^ ^ for all beam and channel 
sections. 

In building construction, the A.I.S.C. Specifications (1946) require 
that the average shear on the gross section of the webs of rolled I-beams 
and plate girders, as given by Equation 167, be not greater than 13,000 
pounds per square inch. For steel railway and highway bridges, the 
A.R.E.A. and the A.A.S.H.O. Specifications (1944) each limit this value 
to 11,000 pounds per square inch. 

Except for unusual loading conditions, stiffeners are not required on 
rolled I-beams. When stiffeners are needed, the design is made in accord- 
ance with requirements specified for plate girders (see Article 108). 

Crippling of the web due to stress concentration under concentrated 
loads and at the supports is avoided eitKer by reinforcing the web with 
stiffeners or by distributing such loads or reactions over a sufficient 
length of beam to reduce the stress intensity to safe values. A concen- 
trated load on the top flange, extending over a length of beam a (Fig. 
172), is assumed to be uniformly distributed over an area ^(ai + 2k) 




at the junction of the flange and web. Similarly, the reaction applied 
over a length a is assumed to be uniformly distributed over an area 
t(a + k). It is reconunended that the unit stress on these areas be 
limited to a value not in excess of 24, (XX) pounds per square inch, and, 



DESIGN OF ROLLED-BEAM CONSTRUCTION-BEAM SELECTION 263 


based on such working stress, the required length of distribution may be 
computed as follows: 


a > 


R 

24,000^ 


(168) 


ai ^ 


P 

24:,OOOt 


- 2k 


(169) 


where R 
P 
a 

Ui 

t 

k 


reaction in pounds. 

concentrated load in pounds. 

required length of bearing at support in inches. 

required length of distribution of concentrated load in inches. 

thickness of web in inches. 

distance from outer face of flange to toe of fillet in inches. 


The deflection of a rolled beam is computed in the usual manner for 
beams of homogeneous material. The limit of permissible deflection 
depends upon the nature and use of the construction and is determined 
by judgment and experience. For beams carrying plastered ceilings, 
the customary deflection limit is 3 -^ of the span of the beam. 

Typical computations for beams in an existing floor construction are 
shown in Fig. 173. 


106 Design of Rolled-Beam Construction — ^Beam Selection 

• Since the shape and dimensions of the beam cross section is deter- 
mined by the manufacturer, the design of a rolled-steel beam is a matter 
of selecting, from those available, the section which will most econom- 
ically serve the purpose at hand. Steel is usually purchased by weight, 
and therefore the lightest-weight section that will safely carry the load 
will generally be selected. Consideration must be given to the avail- 
ability of sections and lengths in dealers^ yards or warehouses, as the 
selection of sections which are not carried in stock and which are infre- 
quently rolled may lead to delay and thus offset any saving due to reduc- 
tion in weight. 

Regardless of theoretical strength for building construction it is custom- 
ary to specify a minimum thickness of \ inch; for highway bridges 
inch; and for railway bridges inch. 

The design starts ^vith an assumed layout or arrangement of beams. 
This is subject to revision as the design proceeds, and frequently com- 
plete alternate arrangements are designed and compared on the basis of 
probable cost. Assuming a given arrangement, the weight of the con- 
struction is estimated, proper allowance being made for the probable 
weight of the beams that will be selected. Bending-moments and shears 
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12V^27 I 


Girder - 






Floor Lood 

Plank flooring 
Joiiti 
live Load 
Totol 


- Column* 


7.5 #/□• 
3.0 
100.0 

110.5#/Q' 


Floor Construction 

3" Plonk floor on 2"x10” pisH 
wfiich ore 16“ opart and rest on 
the top flange of the 12“ beoms. 

Beoms hove o 4" bearing on 
the concrete wall and are 
connected to the web of the 
girder by standard connection 
angles. 

Live Load 

The floor corries a uniformly 
distributed load of 100 #/n' 

Check beams for compliance with A.I.S.C. 
Specification (1946) and for deflection not 
greater than L/360 

Beam Load 

From joists. 110.5 x 10 = 1105#/ lin. a 

Weight of beam ^ 

Totol 1132#/lin.h. 


d-- 11.95 in. 
t = 0.4 in. 

6 = 10.375 in.. A ^0.8125 In. 


Dimensions and Properties of 1 2 YF27 
S = 34.1 7 = 204.1 

» Flanges, b — 6.5 in.. 

Web. I = 0.24 in.. 


Bending Stresses: 

Allowable Unit Stress; 

Tension./ = 20,000# /U*‘ 

Compression, neglecting any lateral support by joists. 
Unsupported length of flange =192 in. 

~ = 882 > 600 
bt 6.5 X 0.4 

Hence, from Equotion 165. /= ' 3'^®® V 

Actual unit stress-. 

Span of beam = 16 12 ft. 

AAoximum B.M. = 1 132 x (16.12)’ x H x 12 = 441.200 in. lb. 


/=^^^ = 12.940#/D" 


Shear Stress: 

Allowable unit stress: 

Slenderness ratio of web, y = ~0^4^ ~ 

Allowable v = 13.000#/a" 

Actual averoge web shear. 


9120 

0.24 X 10.375 


- 3,660 #/□“ 


Bearing on Wall: 

Required length = [24,000x0.24] ^ 

Actuol length = 4 in. 

Deflection: 

5 xn32x(192l» 1 

“ 12 X 384 X 29^JD00 x 204.1 "691 

Fia. 173. Typical Computations for Steel Beams Supporting Floor. 
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are then computed for the total load, these being subject to revision as 
design computations produ(;e more accurate data. 

The tentative beam section is determined by computing the required 
section modulus, S = M/f. ISome specifications and building codes 
limit the permissible depth of beam in terms of the span length. Thus 
the A.A.S.H.O. Specifications (1944) for highway bridges require that 
the depth of rolled beams be not less than one-twenty-fifth of the span. 
(For continuous beams, the span is considered as the distance between 



Typical Steel Framing. 


dead-load points of contraflcxuro.) The A.R.E.A. Specifications (1944) 
for steel railway bridges require that the depth of rolled-steel beams be 
not less than one-fifteenth of the span. Many building code ordinances 
of cities require that rolled beams have a depth of not less than one- 
twentieth of the span when used in floor construction and one-fortieth 
when used in roofs. Such limitations on the depth ratio are intended 
as a means of limiting the deflection and providing reasonable stiffness 
in the construction. The allowable unit stress in compression is deter- 
mined from Equation 105 or 166 and will control the design for flexure. 
A tentative value of / is selected, the corresponding value of the section 
modulus is computed, and the beam or beams which will furnish this 
section modulus noted. The permissible compressive unit stress is then 
determined for the beam selected, with the lateral support of the com- 
pression flange, being taken into consideration, and a revised value of 
the section modulus is obtained. This process is repeated, if necessary, 
until a satisfactory section is obtained. The actual weight of the beam 
finally selected is then compared with the weight allowance previously 
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— 


—Girder 

12\Af^27 


Gird«r-< 

12Vr27 


Girder-^ 

]2\«r27 _ 12VyP27 


16‘-0" 


16 *^« 


I J 


Floor Conilruction : 

So* (Fig. 173) 
livo load 3 

So* (Fig. 173) 
Specification i 

Ute A.I.S.C.(I946) 


Span of Girder — 20.0 ft. (oMum* oi simply supported) 

Floor load = 110.5 #/□" (Fig. 173) 

Beam load = 1,132 # /□” (Fig. 173) 

Girder 

Cortcentroted load at middle of span = 2 x 1132 x 16 x 
= 18.1121b. 

Uniform loodi weight of girder estimated as 40 # / Rn. ft. 

Moximum bending-momonti 

Concentrated load, B.M. = 18.1 12 x 20 x Vs x 12 = 1,086,720"# 
Uniform load, B.AA. = 40 x 20 x 20 xH x 12 = 24,000" # 

Total B.AA. - 1,110.720"# 

Required Sectiom 

Assume ollowabi* unit stress at 20,(XX)#/a* 

Required section modulus = = 55.6 

from Table, the following sections might be considerodL 


16\M-36 

S = 56.3 

ic=36V 

l4ViF^43 

S - 62.7 

se- 43#/^ 

12ViF-45 

5 = 58.2 

10 = 45#/* 


Since there or* no stated limitotions on depth, the 
lightest section, which is the 1 6 W 36. will be selected 
for further triol. Hence, (or this beam. 

Flange width, b ~ 6.992 in.. 

Flange thichness, f ~ 0.428 in.. 

Aetuol height, d - 15.85 in. 
Unsupported length of compression flange = 120 in. 

U_ 120x15.85 _ 
hi ■ 6.99 X 0.428 " 

pnd, since this exceeds 600, the ollowoble unit stress 
on the extreme fiber of the compression flange must 
be obtained from Equation 165. 

Allowable / ^ = 18.870#,/O* 


o c . 1.110.7 20 _ - 

Required 5 - -^70 " 


- -58.9 >563 

and the 1 6 36 beom is unsotisfoctory. 

The next lightest beam was the 14 W^43 whicli 
will now be selected for triol. 

Flange width. b = 8.0 in.. 

Flange thickness. I ~ 0.528 m., 

Actual depth. d — 13.68 in. 

id- 120x 13.68 
bt~ 80 x 0.528 
ond hence, ollowoble / ~ 20,000# / D“os originolly esiumed. 
Since the octuol weight per ft. is only 3 lb more than 
that ossumed for computing the bending- moment, 
no chonge in the computed voiue need be mod*. 

For the 14 43 beam. 

t '■ web thickness 


389 < 600 


0.308 in. 
h = clear depth between flanges ' 


- 36 hence no web stiffeners or* required 


^ 11.375 in. 

(from Steel Construction Monuol) 

A . 

( 0.308 

Moximum end shear = Vi [18,112 + (43 x 20)] = 18.972 lb. 

Averog* shear stress on gross section of web. 

" “ 11.375^0.308 ■ °** 

Anowabl*v = 13,000#/ □" 

OEFlECTIONt (neglect deflection due to weight of beam as negligible) 
I = 429 in.* 

18112 X (240)’ 


48 x 39.5 x 429x(10r 


- -0.412 in. 


Fia. 174. T3rpical Rolled-Steel-Beam Design. 
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made, and, if necessary, the entire computation is revised to accord 
with these later data. The result of these computations is the selection 
of a section which will have the requisite resisting-moment. This sec- 
tion is then checked for shear, crippling of the web, and deflection, and 
if inadequate in any of these particulars a different section is chosen and 
previous computations repeated. 

A typical example of beam selection is given in Fig. 174. With ref- 
erence to this design, it should be noted that the wide-flange section 
finally chosen is the lightest available section of adequate strength. Web 
crippling is not a critical matter here since the concentrated load is 
applied through standard connection angles (see '^Steel ManuaFO to 
the web of the girder, and the girder reaction is delivered to the column 
through similar standard connection angles. These connection angles 
will act as stiffeners and reinforce the web of the girder against buckling. 
There will be no concentration of stress on a horizontal section at the 
toe of the fillet joint, the flange and web. Should the girder rest on a 
bearing wall, then the necessary minimum length of bearing would be 
computed from Equation 168. 

107 Rolled-Steel Beams with Flange Plates 

The resisting moment of a rolled-steel beam is sometimes supple- 
mented by plates riveted or welded to the flanges of the beam as in 
Fig. 175. Thus, if the clearance limits the beam depth or if additional 



Fig. 175. Rolled-Steel Beam with Flange Plates. 

flange width is needed to support other construction, this procedure 
affords a possible solution. The analysis of such a beam can best be 
discussed through the medium of numerical examples. 

Example 1 

Given an American Standard 12 I 31.8 which is reinforced by flange plates 
8 X i riveted to the top and bottom flanges as shown in Fig. 175a. The beam 
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is simply supported on a span of 15 ft, and the compression flange is braced 
against lateral movement at the supports only. The rivets fastening the plates 
to the beam are |-in. rivets in pairs spaced at 6-in. intervals. 

Determine the safe total uniformly distributed load that this beam may carry, 
according to the A.I.S.C. Specifications (1946) based upon the resisting moment 
of the section. 

Gross area of section; 

2 Plates, 8 X I = 8.00 sq in. 

I-beam = 9.26 

17.26 sq in. 

From tables given in the '‘Steel Construction Manual,'" the depth of web between 
fillets is 9.75 in., and its thickness is 0.35 in. Hence the web area is approxi- 
mately 

0.35 X 9.75 = 3.41 sq in. 

Gross Area of each flange = — - - = 6.98 sq in. 

The length of grip (see Fig. 176) for rivets connecting the plates to the flanges 
is I in. plus the plate thickness. For f-in. rivets the diameter of holes to be 



deducted is f in. + i in. = J in. The area of two rivet holes in each flange is 
thus 

2 X J X 1 = 1.75 sq in. 

This area is 1.75/6.98 == 25 per cent of the gross flange area, and in accordance 
with the specifications the area of rivet holes in excess of 15 per cent must be 
deducted in determining the moment of inertia of the section. 

Moment of inertia : 


Gross section, /-beam, I = 215.8 

Plates, / = 2 X 4 X (6.25)* = 312. 5 

(Ig of plates neglected) 528.3 

Rivet holes, 2 X 1.75 X (6)* = 126.0 

Excess to be deducted = X 126.0 = 50.4 


/ = 


477.9 
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Allowable unit stress : 


For tension, allowable / = 20,000 psi 
For compression 


Unsupported length of flange — 15X 12 = 180 in. 
Width of flange = 8 in. 

Depth of beam = 12 -|- (2 X J) = 13 in. 
Thickness of flange = | + | = 1 in. 


Lh _ 180 X 8 
dl ~ 13 X 1 


no 


and, since this is less than 600, the allowable unit stress is 20,000 psi. 


Resisting moment; 

Safe load: 

Example 2 


- _ 20,000 X 477.9 ^ . .. 

^ = — ! == 1,470,500 in.-lb 

u.o 

Total load, W = ~ ® = 65,350 lb 

12 X lo 


Determine the safe total uniformly distributed load for the beam given in 
Example 1 , based upon the strength of rivets connecting the flange plates to the 
I-beam. 


Rivet value (Table 16): 

Single shear valve of f-in. rivet = 6,630 lb 

Rearing on |-in. plate (or flange) — f X 2 X 32,000 = 12,000 lb 

Therefore single shear controls, and R = 6630 lb 

Horizontal shear ; 

Since there are 2 rivets in a 6-in. length of beam, the total horizontal shear in 
a 6-in. length may safely ecpial 2 X 6630 = 13,260 lb. From Equation 131, 
VQ/I = 13,260/6* 


where Q = moment of connected plate area about neutral axis 
= 8 X ^ X 6.25 = 25.0 
I - 477.9 


Safe load : 


Safe V = 


13,260 X 477.9 
‘6X25 


42,250 lb 


Total load, W = 2 X 42,250 = 84,500 lb 


Note that the safe load as determined by flexure in Example 1 will govern. 
Crippling of the web is determined in the usual manner for the /-beam sec- 
tion. Deflection is computed in the usual manner, the net moment of inertia 
of the built-up section, as previously computed, being used. 
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108 Plate Girders 


Plate girders are beams built up of plates and shapes. While any 
desired arrangement may be provided, the one most commonly em- 
ployed consists of a vertical web plate with flanges, made up of angles 
and cover plates, attached to its edges (Fig. 177). The parts are fas- 
tened together by rivets or by welding in such a manner as to resist the 
internal shear stresses developed on the planes of contact. The designer 
is not limited to a particular series of cross sections, as was true for rolled- 
steel beams and hence may compose the built-up section to meet his 
particular needs. It is possible, moreover, to provide for some varia- 
tion in the cross section and thus furnish resisting-moments more nearly 

equal to the bending-moments on 



the several sections of the beam. 
Because of the added labor needed 
to fasten the parts together, plate 
girders will cost more per pound 
than rolled-steel secjtions; hence for 
economy rolled sections will gen- 


Fia. 177. Plate Girder. erally be chosen whenever adequate 


sections are available. 


The stresses produced in a plate girder due to a given loading are 
determined in accordance with the same principles and procedures as 
previously outlined for rolled-steel sections (see typical computations. 
Fig. 178). Critical sections for investigation will obviously include the 
one on which the bending-moment is greatest, also those which are 
reduced by cuts, holes, or absence of cover plates. When the section is 
unsymmetrical, the neutral axis must be located and the moment of 
inertia computed for such axis. Opinions differ as to whether the neutral 
axis should be located at the centroid of the net section or at the centroid 


of the gross section. In view of the fact that its location is primarily a 
function of the deflection and that this is determined largely by the 
gross section, it is believed by the author that the centroid of the gross 
section more accurately locates the neutral axis. In considering the 
behavior of a plate girder, it should be noted that the principal func- 
tion of the flange areas is to resist the bending-moment; the principal 
function of the web plate is to resist the vertical shear. Critical sections 
as regards bending-moment may therefore be determined by the charac- 
ter of the flange area and should be taken through such combinations of 
rivet holes as may most seriously reduce the strength of the section. 
Allowable working unit stresses on the extreme fibers of the tension and 
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compression flanges of plate girders are the same as for rolled-steel 
sections (see Article 105). 


PLATE GIRDER 



Plot® Girder — Structural Steel — 

Riveti 

A.R.E.A. Speciricotions (1944) 

Resisting Moment (Section XX) 

Net Section is symmetrical — N.A. it ot center of web 
Gross I: Cover plates: 12 X ‘A X (27.5)» X 2 = 9075 

Flange angles: [4.4 + (2.86 X X 4 = 7817 

Web Plate: '/j X (54)’ X 1/12 = 6561 

23453 

Deduct rivet holes (Holes diam. for rivets) 

Cov. PIs. and ^s: 4 [y, X % X (27.8—7/16)*] — 2284 
L% ond web: 2 [% X » 0/8 X (24.8)*] = 1340 

3624 

Netl= 19829 


Allowable sfress in tension flange = 18,0004/0" 

Allowable stress in compression flange is 

t 12 ” 

Hence from Equation 166, / = I8,000— (5* 100) = 17,500 4/ □" 
Safe Resisting Moment: 


L ^ HI - 18.00 0 X 19.829 _ 

based on tension, W — '27T5 


12.862.000" 4 


based on compreuionJf.^ ~ 1 4,790,000" ♦ 

The maximum allowable bending moment is therefore 1 2,860,000" 4 


Shear _ 

Unsupported depth of web = 541/2 —8 = 46'/2 * -y =; 9J 

This is within max. limit of -^5170 but since ratio exceeds 60, inter* 
mediate stiffeners ore required. 

Max. Shear bosed on Gross Web Area = 1 1000 X 54 X •/* = 2970Q04 


Fia. 178. Analysis of Plate Girder. 


The principal function of the web plate is to resist the vertical shear. 
Vertical shear stress in the web is seldom critical, but its effect in pro- 
ducing buckling of the web under the resultant diagonal compression 
is a matter requiring careful consideration. Permissible working stresses 
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for average intensity of vertical shear (total shear divided by the gross 
area of the web plate) on the gross section of the web plate are as follows: 

Building construction 13,000 psi 

Highw’ay bridges 11,000 psi 

Railway bridges 11,000 psi 

Web stiffeners to prevent buckling of the web plate between the flanges 
are always required at the reactions and under concentrated loads. Web 
stiffeners are usually pairs of angles with the web plate between and are 
riveted or welded to the web plate (Fig. 179). Stiffener angles must be 



Fig. 179. Stiffeners. 


of such length as to fit tightly between the flange angles. In order that 
a tight connection can be made to the web, they must be crimped to fit 
over the flange angles as at c or else filler plates of the same thickness 
as the flange angles must be used as at d to fill the spaces which would 
otherwise exist. It is considered best practice not to crimp the end 
stiffeners nor those under concentrated loads. The A.I.S.C. Specifica- 
tions (1944) for the design, fabrication, and erection of structural steel 
for buildings require that when h/t equals or exceeds 70, intermediate 
stiffeners shall be used at all points where 


V exceeds, 


64,000,000 



(170) 


where h = unsupported depth of web (Fig. 177). 
t = thickness of web plate. 

V = greatest unit shear in panel in pounds per square inch under 
any condition of complete or partial loading. 
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These specifications further provide that the clear distance between 
intermediate stiffeners, when stiffeners are required, shall not exceed 
84 inches or that given by the following formula: 


, iifmt 

d = — 7 -- 


(171a) 


The A.R.E.A. Specifications (1944) for railway bridges require stiffeners 
at end bearings of plate girders and beams and at points of bearing of 



Deck Plate Girder Railroad Bridge over Woodward Ave., Detroit, Michigan. 


concentrated loads. These specifications also require intermediate 
stiffeners whenever h/t excee^ds 60 and limits the spacing to 72 inches or 
that given by the following formula: 


, 10,500^ 


(1716) 


The A.A.S.H.O. Specifications (1944) for highway bridges require that 
the webs of plate girders be stiffened at end bearings and at points of 
concentrated loading and whenever h/t exceeds 60. The spacing of 
intermediate stiffeners is limited to a maximum of 72 inches or that given 
by the following formula: 

^ 9,000^ 


(171c) 
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End stiffener angles and those under concentrated loads are designed for 
bearing of their outstanding legs against the flange angles, only that 
part of the leg outside the fillet of the flange angle being used. The con- 
nection to the web must have sufficient strength to transmit the total 
load or reaction to the web plate. The A.S.I.C. Specifications (1946) 
allow 30,000 pounds per square inch bearing stress for milled stiffeners 
and 27,000 for fitted stiffeners. The A.A.S.H.O. Specifications (1944) 
for highway bridges and the A.R.E.A. Specifications (1944) for steel 
railway bridges allow 27,000 pounds per square inch bearing on milled 
stiffeners and 18,000 pounds per square inch axial compression on the 
stiffener assembly. 

The A.I.S.C. Specifications (1946) for buildings require that bearing 
stiffeners at the ends and at concentrated loads have a close bearing 
against the loaded flanges and that they shall extend as closely as pos- 
sible to the edge of the flange plates or flange angles. Such stiffeners are 
designed as columns, assuming that the column section consists of the 
pair of stiffeners and a centrally located strip of the web equal to not 
more than 25 times the web thickness, for interior stiffeners, or a strip 
equal to not more than 12 times the web thickness for stiffeners located 
at the ends of the web. The column length is taken as f the length of 
the stiffeners in computing the ratio L/r, Only that portion of the 
stiffeners outside of the angle fillet or the flange to web welds is con- 
sidered effective in bearing. Intermediate stiffeners which are not at 
the ends of the girder or at points of concentrated load are required by 
these specifications to have a section not less than that required by the 
formula 

I, = 0.00000016//^ (172) 


where H = total depth of web. 

=5 moment of inertia of the stiffeners or stiffener (figured with 
a common axis at the centerline of web for stiffeners in pairs 
and with the axis at the interface between stiffener and web 
for single stiffeners). 

The A.R.E.A. and A.A.S.H.O. Specifications (1944) for railway and 
highway bridges, respectively, require that stiffeners at the ends and at 
points of concentrated loading be proportioned for bearing on the oift- 
standing legs of the flange angles with no allowance made for the por- 
tions of the legs fitted to the fillets of the flange angle. They must 
extend as nearly as practicable to the edges of the flange and be con- 
nected to the web with enough rivets to transmit the load. The width 
of the outstanding leg of intermediate stiffeners must be not more than 
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16 times its thickness and not less than 2 inches plus of the depth of 
the web. 

Typical computations of stiffeners are sho^vn in Fig. 180. 


PLATE GIRDER 
Web Stiffeners 


Oota — Some at In Fig. 178 

End Sflffenert Al.t V /2 X X V 2 
Intermediate Stiffeners 2^i 31/2 X 3'/2 X % 
Spaced @ 4*-6" 
Applied Loading It uniformly distributed. 
A.R.E.A. Spccificationt (1944) 


End Stiffeners 

I I 

r -« 



Grots Area — 4Z.t = 4 X 3-25 =: 9.75' 

Allowed Axial Comprettlon on Grots Area = 1 8000 X 9.75 
= 175.500# 

Allowed Bearing Valve =: 4 X 1.51 X 27000 =163000# 
Bearing of Stiffeners governs Reaction. 

Note:— Reaction must not exceed oggregate value of 
rivets of connecting stiffeners to web. 


Intermediate Stiffeners 

Width of outstanding leg: 

mutt not exceed 16 X thickness = 16 X % = 6 in. 

must not be less than 2 = 3.8 in. 

30 

Note: Width of angles used it Insufficient. 


Required Spacing: 

Maximum permissible spacing = 72 in. 

4- = = 93 > 60 use Eq. 154. 

t 0.5 

End shear = 130,000 (computed from loading). 

I30000_ 

54X0.5 ' 

Required distance (min) to first intermediate 

255000 X 0.5 -l^ 4800 X 0.5 

rt.ff.Mr = d = — y ^ = 

Spacing given is sotisfactory. 


Fig. 180. Plat-e Girder Analysis — Web Stiffeners. 


The connection of flange to web and, when cover plates are used, of 
cover plates to flange angles must have sufficient strength to resist the 
horizontal shear on the planes of contact. Thus the horizontal shear 
on aa. Fig. 181, a section between the flange angles and the web plate, 
is determined from the equation 


Rh = 



P 


(173) 
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where V = maximum vertical shear in any portion p of span length. 

Q = statical moment of the net area of cover plates and angles 
connected about the neutral axis of the girder. 

I = moment of inertia as determined for bending. 
p = spacing (pitch) of rivets A. 

Rh = total force on one rivet. 



When a vertical load is also applied on the flange (Fig. 182), the total 
force on a rivet is the resultant of Rh, as computed from Equation 173 
and the vertical load per rivet. 

The rivets connecting the cover plates to the flange angles must 
resist the horizontal shear on the plane of contact (plane bb Fig. 181). 



The force on each such rivet is determined from the following equation : 


R = 


VQ p 
I n 


(174) 


where R = force on one rivet. 

V = maximum vertical shear in space p. 

Q = statical moment of the net area of cover plates outside shear 
plane, about the neutral axis. 

I = moment of inertia as determined for bending. 
p = spacing of rivets B in either line. 
n = number of longitudinal rivet lines. 
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Typical plate girder rivet computations are shown in Fig. 183. 

For more complete data and discussion of the behavior of plate girders 
and theory of action, the reader is referred to the several specifications 
quoted and to more complete textbooks on design. 


PLATE GIRDER 
Flange Riveting 

Data — Same as in Fig. 178 

Rivets %'* Spaced os shown throughout spon. 


Note: Since rivets ore equally spaced over entire span maximum 
force on rivet will occur ot end of span where V is max. 
Force will be determined for V* = 130000 


RIVETS — FLANGE TO WEB 
^I2X'/2PI. 


- *c. g. = 2Lt 4 X 


Stoticol Moment of Net Flange Area—: 

. Cov. PI. (Gross) 12 X '/2 X 27.5 = 165 
Z.S (Gross) 2 X 2.86 X 26.11 — 150 
315 

^ X Vi Deduct Holes: 

2 X ys X yi X 27.31 = 42 
2 X y« X % X 24.75 = 16 


S = 


= 130000 X 257 X 4 


0 = 


S8 

257 


19829 


Value of Rivet (Double Sheer governs) = 13250 lbs. 
Note: Above computation oppiies to bottom flonge rivets. 
Force on top flange rivets is resultont of Horix. ond 
Verticol force on rivet. 


RIVETS — COVER PLATE TO FLANGE ANGLES 

^ 12 X '/2 PL Net Width of Plate = 12 — (2 X ys) = 10.25 
I ■ Q = I0.25 X '/2 X 27.5 = 141 


O- 130000 1850* 

^ 2 X 19829 


Neutrol Axis 


Value of one rivet (Single Shear governs) = 6630^ 

Fig. 183. Plate Girder Riveting. 


109 Plate Girders — ^Design Procedure 

The procedure followed in the design of a plate girder is usually that 
of successive approximation. By assumption, a trial section is set up 
which is then investigated and adjusted until the designer is satisfied no 
further changes are necessary or desirable. The investigation of such 
trial section is carried out in accordance with principles and methods 
previously outlined so that there remains for further discussion only the 
matter of determining rational trial sections. 

The first step is the determination of a suitable layout and the estab- 
lishment of the controlling dimensions such as the span length and the 
available clearance to provide for the girder depth. The probable weight 
of the supported construction is then estimated, and a reasonable allow- 
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ance is made for the weight of the girder. The maximum bending- 
moment and shear are then computed using these estimated weights 
and the live load which is expected to occupy the structure. When the 
make-up of the section has been more definitely determined, it will 
usually be necessary to determine the maximum bending-moment and 
the maximum shear on each of several sections in the span, but at the 
outset merely the greatest bending-moment in the span and maximum 
end shear will suffice. 

The next step in the design is the determination of the tentative 
girder depth and width of the w^eb plate. For maximum economy of 
material, the depth of a plate girder (back to back of angles) should b(5 
about one-twelfth to one-fifteenth of the span. Some building code 
ordinances and specifications place definite limitations on the depth 
ratios. The distance back to back of angles establishes the width of the 
w'eb plate and, when cover plates are used, this distance should be ^ to ^ 
inch more than the width of the w'eb plate to provide allowance for 
possible overrun in web-plate width. It should also be noted that pre- 
ferred variation in plate widths is by inches although “|-inch variations 
may be obtained. 

When the width of the web plate has been established, its required 
thickness may then be determined. In order to conform with accept- 
able standards as represented by current design specifications, the w eb 
thickness should satisfy the f ollowing conditions : 

(1) It should be not less than the specified minimum allowable thick- 
ness of material, inch in buildings, ^ inch in highway bridges, and 
^ inch in railway bridges. 

(2) It should have a thickness not less than of the unsupported 
distance between flange angles. (An estimated size of flange angle may 
be used pending a later check.) 

(3) The average unit-shear stress on the gross web area should not 
exceed 13,000 pounds per square inch in buildings and 11,000 pounds 
per square inch in bridges. 

(4) If no stiffeners are to be used, the thickness should be at least one- 
seventieth of the unsupported distance between flange angles for build- 
ing construction and one-sixtieth in bridges. If it is expected that stif- 
feners will be used, the first three requirements will establish the neces- 

“ A.A.S.H.O. Specifications (1944) for Highway Bridges state that plate girders 
shall have a depth preferably not less than one-twenty-fifth of span. The A.R.E.A. 
Specifications (1944) for Steel Railway Bridges state that the depth shall be pref- 
erably not less than one-twelfth of the span. 
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sary minimum thickness, and stiffeners should then he provided in 
accordance with given specifications. 

The next step in the design is the determination of the required flange 
section which is generally a combination of flange angles and cover 
plates but may include other suitable structural shapes. Tables pub- 
lished in the ‘‘Steel Manuar’ and in other engineering handbooks which 
give properties of plate-girder sections are extremely useful for this 
purpose. Lacking such tabular data, tht^ approximate or chord-stress 
method may be used to determine a trial section. This method is as 
follows : 

First, the girder section is assumed to be divided into three parts 
(Fig. 184), the top flange (or top chord), the bottom flange (or bottom 



chord), and the web. The flanges are assumed to act jointly to furnish 
a resisting couple represented by the forces C and T, and the unit stress 
is assumed to be uniformly distributed over each flange area; the web is 
assumed to act as a rectangular beam. Proper allowance must be made 
for reductions in section due to rivet holes. The approximate resisting 
moment of the section is then determined as follows: 


Where M = resisting moment of section — Mp + Mw 
Mp — resisting moment of flanges (net section). 

Mw = resisting moment of web plate (net section). 

d = effective depth of girder. (Distance between centroids of 
flange areas.) 

t = thickness of web plate. 
h = width of web plate. 

/ = allowable working stress. 

Ap = net area of one flange. 

Aw = gross area of web plate = th. 
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Since 


C^T^fAp 


the resisting moment of the net flange area will be 


Mf = fApd 


In determining the resisting moment of the net web plate, it is custom- 
ary to assume that this will be three-fourths the value obtained for the 
gross section; also no material error is introduced by assuming = hd; 
hence 


3 fthd 1 

Mw = 7 X — - = -JAwd 

4 o o 


TTi PTpf orp 

M = Mf + M,y = fd{Ap + \Aw) (175) 


To determine the approximate required net area of the flange, liquation 
175 is arranged in the following form: 


M I 

Ap ^ Aw (176) 

fd 8 * 

A tentative solution of Equation 176 is obtained by assuming M to be 
equal to the computed maximum bending-moment,/ equal to the allowed 
unit stress on the extreme fiber, and d equal to the distance back to back 
of angles, less 1 ^ inches for girders without cover plates and less 1 inch 
for cover-plated girders, A combination of shapes and plates is then 
chosen whose net area after allowing for probable rivet holes Ls equal to 
or greater than this computed value. When the flange is composed of 
angles and cover plates it is good practice to provide at least one-half of 
the combined area in the angles, and some specifications require that the 
centroid of the combined area must lie inside the backs of angles. With 
a tentative combination of shapes and plates selected, the centroid of 
their gross section is located, and a corrected value is obtained for d. 
The preceding computation is then repeated, and the section is revised 
until all factors are in substantial agreement. 

At this point it is advisable to check the weight, allowing for stiffeners 
and other details, and make such revision in the original assumed value 
as may be necessary or desirable. 

Details of the design, such as stiffener spacing, pitch of rivets, and 
length and location of cover plates, are then developed and the sections 
finally checked, using the moment of inertia of the section in accordance 
with the procedure outlined in Article 109. 
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Typical design computations for a plate girder are illustrated by the 
following example: 

Example 

Design of Plate Girder 
Data 

Span 45 ft center to center of supports. 

Top flange is imbedded in a concrete slab \vhich gives it full lateral support 
at all points. 

Total load (except weight of girder) delivered on top of top flange = 
3900 lb per linear ft. 

Use A.I.S.C. Specifications (1944) for steel buildings. 

Design Computations 

Estimated weight of girder = 200 lb per ft 
Load delivered to top of girder 3900 


Total 4100 lb per ft 

Maximum bending-moment = 4100 X (45)^ X i X 12 = 12,500 in.-kips 
Maximum shear = 4100 X \ X 45 = 92.2 kips 
Assumed depth of girder about fV X 45 = 3 ft 
Make back to back of angles = 30^ in. 

Width of web plate = 36 in. 

Assuming flange angles with 4-in. vertical legs, unsupported width of web is 
_ 8 = 28| in. 

Minimum thickness of web plate 


Minimum thickness of metal |)ermitted by specifications for interior con- 
struction = j in. 

leased on the unsupported depth of web plate, 
i > tT() X 28^ = 0.168 in. 

Based on average unit shear stress, 

92.2 


Use plate 36 X i for web. 

h 

t 


0.25 


114 


Therefore stiffeners are required. 


Overall depth of girder (assuming |-in. cover plates) = 37^- in. 

Effective depth (approximate) = 36^ — 2 = 34^ in. 

Approximate allowable average working stress on flange = 34.5/37.5 X 20 
= 18.3 
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Assuming d = 34j in. and / = 18.3 kips per sq m., 

1 12 500 

+ -An, = 18 - ^ 3 ^^ = 19.8 sq in. 

\A.w “ i X 3(> X ^ = 1.1 

Required = 18.7 sq in. 

One-half or more of this area should be in the flange angles so that eaeh angle 
should have an effective area of not less than ^ X 18.7 X i == 4.08 sq in. 

On this basis, the following trial section is determined. 

Gross area : 

2 angles 0 X 4 X f ; 11.72 sq in. 

1 cover plate 14 X ^ ; 7.00 


Total gross area = 18.72 sq in. 

Assuming -J-in. diameter rivets, two rivet holes in each angle and two out of the 
cover plate, the area of rivet holes in the section would be 

I X i X 4 = 2.19 sq in. 

I X i X 2 = 0.88 


3.07 sq in. 

mi - "■ ■‘’i' 

The reduction in effective area, in accordance with the specifications (sec 
Article 105), is 

(16.4 - 15) X 18.72 


100 


= 0.26 sq in. 


Revised flange area required = 18.7 -h 0.26 = 18.96 s(i in. 


Gross area : 

2 angles 6 X 4 X | ; 11.72 sq in. 

1 cover plate 14 X A; 7.88 


Total gross area = 19.60 sq in. 

Rivet holes (2.19 + 0.98) = 3.17 sq in. 
15% of 19.6 = 2.94 


Excess = 0.23 


Net area = 


19.37 sq in. 
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The centroid of the gross flange area is computed as follows (Fig. 185), taking 
moments about the center of gravity of the angles : 


c.g. angles to c.g. flange area 


7.88 X (1.03 + A) 
19.6 


0.53 in. 


back of angles to c.g. flange = 1.03 — 0.53 = 0.5 in. 
effective depth, d = 36.5 — (2 X 0.5) = 35.5 in. 



With this computed value of rf, the preceding computations are revised as follows: 


35.5 

Approximate allowed / == X 20 = 18.8 kips per sq in. (average on 

Of. 


flange) 


Revised section 
Clross area 


12 500 

llequirecl + lAw) = jg g ^ 35 5 = “*• 

\Aw = I’l 

Required Ay = 17.6 sq in. 


2 angles 0X4X8; 1 1 .72 sq in. 
1 cover i)late 14 X t«; 6.13 


Rivet holes = = 1<>% 


17.85 sq in. 
16 ~ 15> 


Required increase in recpiired area = — ) 17.85 = 0.18 sq in. 


Required flange area = 17.0 -f 0.18 = 17.78 sq in. < 17.85 


It is not deemed necessary to make further revision, and the trial section wiU be 
made up as follows: 

2 cover plates 14 X iV 
4 angles 6X4X1 
I web 30 X I 
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The girder section will now be checked using the moment of inertia. In com- 
puting the moment of inertia, the I g of cover plates will be regarded as negligible. 
Tabular values as given in the “Steel Manual’' are used where possible. 

Moment of inertia (gross section) 

Web, 36 X f 970 in.^ 

4 angles, 6 X 4 X | at 36| in. back to back 

4[7.5 + (5.86 X 17.222)1 = 7,010 

2 plates, 14 X A 

2[14 X A X (18.47)2] = 4,180 


Total 12,160 in.4 


Deduction of 0.18 sq in. in each flange tine to rivet holes. 

Effective I = 12,045 in.'* 

Unit stress on extreme fiber. 


12,500 X 37.88 
2 X 12,045 


19,700 psi 


Since the allowable stress is 20,000 psi, the section will be deemed satisfactory, 
and no further revision is retiuired. 

The weight of the girder is now estimated as follows : 


2 cover plates, 14 X weight jwr ft 41.6 lb 
4 angles, 6 X 4 X | 80.0 

1 web, 36 X 4 30.6 


Allow 20% for rivet heads, stiffener angles, and 
other details 


152.2 


30.8 


Total 183 lb per ft 

Since 200 lb per ft was originally allowed, it is possible to make a reduction on 
the basis of this new estimation; however, the difference is only 10% of the 
original assumed weight and is less than one-half of 1% of the total load; hence 
no revision in load will be made. 

The required length and position of cover plates may be either determined 
graphically from the diagram of maximum bending-moments (Fig. 186) or estab- 
lished by computation. When more than one cover plate is used, the thick- 
nesses of plates used should either be equal or should diminish from the flange 
angles outward. No cover plate should be thicker than the thickness of the 
flangle anglas, and it is considered to be the best practice to extend at least one 
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plate over the entire length of the girder. Some specifications require the cover 
plate to extend past the theoretical allowed end to provide for specified rivet 
strength. In the given example, it is assumed that all cover plates will extend 
over the entire length of the girder. 

Since the section in this example is constant over the span, the minimum 
rivet pitch will be obtained from the maximum value of V at the support. 
For rivets fastening the flange to the web plate, considering the top or loaded 
flange we see that the value of one rivet (bearing on web governs) is 7500 lb. 


Theoretical Ends Theoretical Ends 



With vertical load per rivet being neglected, the required maximum spacing 
at the end of the girder is computed from Equation 173 as follows: 

Q . Oljg - 0^'8) X 35. 5 _ 3,3 

_ni 7500 X 12,045 
^ VQ 92,200 X 313 ' 


Assuming ;; = 3 in., and taking into account the vertical load on each rivet, we 
have 

3000 V 3 

Vertical load per rivet = = 980 lb 

3 

Horizontal force on rivet = 5-7 X 7500 = 7250 

o. 1 

Resultant force on rivet = \/ (7250)*^ •+■ (980)'-* = 7320 lb 


This rivet stress is satisfactory and 3-in. spacing will be adopted for both flanges 
at the end of the girder. The spacing may be made greater at other points in 
accordance with similar computations made for sections nearer the center of 
span but should never exceed 16 times the thickness of the angles. 

The required spacing of rivets connecting the cover plate to the flange angle 
is determined from Equation 174, as follows. Here again the minimum spacing 
will be obtained at the end of the girder. 
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R = 6630 lb (single shear governs) 

Q = [6.13 - (A X 0.18)1 X 18.47 = 112 

RIn 6630 X 12,045 X 2 
^ = W ^ “ 92,200X 112— = 


This computation indicates that the spacing of these rivets is not critical since, 
in conformance with the specifications for compression members (applicable to 
top flange), the maximum spacing in each line with staggered rivets must not 
exceed 24 times the thickness of the plate connected, with a maximum limit of 
18 in. Hence the pitch in each line, assuming rivets staggered, should be not 
more than 24 X = 10^ in. The actual spacing should provide for convenient 
fabrication and conform with this requirement. 

The specifications require that the; outstanding legs of bearing stiffeners extend 
as nearly as possible to the edge of the flange plates or angles. Allowing | in. 
for the radius of fillet at the toe of the angle and | in. for the flange angle thick- 
ness, the width of stiffener should be 6 — | — | = 4j in. to meet this require- 
ment, and therefore an angle with a 4-in. outstanding leg will be used. The 
rivets connecting the stiffeners to the web transmit the end reaction, hence 
92,200/7500 = *13 rivets will be required. To provide space for these rivets, 
the four-angle arrangement shown in Fig. 1795 will be adopted, each pair of 
angles transmitting one-half the reaction and rctjuiring 7 rivets in the depth of 
the girder. 

Assuming fitted stiffeners, each of the four outstanding legs must have a bear- 
ing area of 92,200/(4 X 27,000) = 0.85 sq in. on the flange angles. Deducting 
width occupied by the |-in. fillet of the flange angle, the bearing width is 3 J in., 
hence the required thickness is 0,85/3.5 = 0.24 in. 

The specifications also require that projecting elements under compression, 
such as outstanding legs of stiffener angles, have a ratio of width to thickness not 
more than 16. To meet this requirement for a 4-in. angle, the thickness must 
be not less than \ in. Assuming 4 X 3 X i stiffener angles, the assembly will 
next be checked for column action. Each pair of angles, together with a strip 
of web 12 X 4 = 3 in. wide are considered to act as a column with a length of 
f X 35.25 = 27 in. and a general area of cross section of 4.13 sq in. The angles 
are spaced (2 X |) -h i = Ij in. back to back, and the radius of gyration of 
the assembly about the axis along the center of the web is 2.14. According to 
the provision for colunms outlined in Article 101, 



13 


Allowable / = 17,000 - [0.485 X (13)2] = 16,920 
Safe load = 16,920 X 4.13 = 70,000 lb 

QO 200 

Actual load = — — = 46,100 lb 
2 


Therefore the assembly of 4 angles 4X3X4 appears to be satisfactory. 
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Since the value of h/t for the web of the girder is 114 thus exceeding 70, inter- 
mediate stiffeners are required at all points where v exceeds the value given by 
Equation 170, or 

64,000,000 . 

j n ip— = 4000 psi 

The total vertical shear on this section will equal 4,900 X 36 X i = 44,100 lb, 
and its distance from the center of the span is 44,100/3,900 = 11.3 ft. The 
specifications therefore require stiffeners for a distance of (22.5 — 11.3) = 11.2 ft 
from each end reaction. The spacing in these zones must not exceed 84 in. or 
that given by Equation 171a. 

End panel 

,. = .^^=10,2.50p.i 


27 in. to 6rst stiffener 


= 9250 psi 


Required d — 


Required d = 


= 30 in. 


' 36 X 1 

1 1 AAA 'y' 1 

Required d = — * = 27 in. to first st 

VlO.250 

Second panel (section 2 ft 3 in. from end of girder) 

_ 92,200 - (2.3 X 3900) 

" 36 X 1 “ ‘ ‘ 

„ . 11,000 Xi 

Required d = — = 29 in. 

\/Mm 

Use spacing of 27 in. between first and second stiffeners. 
Third panel (section 4 ft 6 in. from end of girder) 

92,200 - (4.5 X 3900) 

*’ = 36^ = 

„ . 11,000 Xi 

Required d = . - ■ ■ = 30 in. 

\/8300 

Use 2 ft 6 in. })ctween second and third stiffeners. 

Fourth panel (section 7 ft from end of girder) 

„ 92,200 - (7 X 3900) ,,,, 

' - 

„ . , . 11,000 X 1 . 

Required d = = 33 in. 

V7200 

Use 2 ft 6 in. between third and fourth stiffeners. 

Fifth panel (section 9 ft 6 in. from end of girder) 

92,200 - (9.5 X 3900) 

3600 

Required d = - = 35 in. 

\/CA27 

Use 2 ft 6 in. between fourth and fifth stiffeners. 


8300 psi 


= 7200 psi 


Required d = 


= 6127 psi 
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The foregoing stiffener spacings provide a total of 12 ft, which covers the 
distance over which stiffeners are required. 

The required size of the intermediate stiffeners is determined in accordance 
with Equation 172, as follows; 

= 36 in. 

Required I, = 0.00000016 X (36)^ = 0.2687 

For a 4 X 3 X i single angle, crimped over the flange angles with the 3-in. 
leg against the web. 

Actual h = 1.0(1.69 X 1.24 X 1.24) = 3.6 
These stiffeners therefore satisfy the requirements of the specifications. 


PROBLEMS 

10*1 A rolled-steel beam is to be designed to carry a load of 2000 lb per ft (not 
including its own weight) uniformly distributed over a simple span of 20 ft. Assum- 
ing the beam to have full lateral support and using the allowable stresses for build- 
ings as specified by the A.I.S.C. (1946), select the miniiuum weight beam required 
(wide flange or American Standard). 

10*2 A floor slab is supported on 12/31.8 I-b(‘ams spaced at 3-ft centers and hav- 
ing a span of 12 ft. The dead weight of the floor is 100 lb per sq ft. (a) What is the 
safe live load per square foot of floor for a maximum fiber stn'ss in the I-beams of 
15,0(X) psi? (h) Wliat live load will cause the I-beams to deflect a total amount of 
of the span? 

10*3 The continuous steel beam shown is to carry the front wall of a building 
over two store fronts. Assume that the load shown includes the dead weight of the 
beam. Select the most economical beam (American Standard) that can be used. 


5000#/ft 



Assume that the floor at this beam level furnishes full lateral support. What length 
of bearing plate would be required at the support to prevent crippling of the web? 
What area of bearing plate is required at the brick walls to prevent crushing of the 
brick, if the allowable bearing stress is 200 psi (A.I.S.C. Specifications, 1946)? 

10*4 An 18 WF 60 steel beam carries a total uniform load of 300 lb per linear ft 
over a simple span of 20 ft. The beam is supported laterally only at the center and 
ends. Is the beam satisfactory in the light of the A.I.S.C. Specifications (1946) for 
buildings, for tension and compression on extreme fiber, for shear, and for web 
crippling with ends bearing on 8-in. walls? Show computations. 
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10*6 The beam ABC is simply supported at A and rests on a bearing plate at 
B. A concentrated load of 100,000 lb is applied at C. If the allowable unit stresses 
are 

18.000 psi for iiormal fiber stress 

12.000 psi for average shearing stress 

16.000 psi for vertical buckling of web 

select an I-beam section (either wide flange or standard) based on (a) the required 
section modulus, and (6) the required web thickness for shear and vertical buckling, 
(c) check compressive stress in web over support. 



10*6 A 16 WF 36 beam is simply supported at A, overhangs the support at B, 
and is laterally supported throughout. Neglecting the weight of the beam, if the 
allowable unit stresses are 

Tension and compression — 20,000 psi 

Average shear on web — 13,000 psi 

Direct compression causing web crippling — 24,000 psi 

can the beam safely carry a concentrated load P of 40,000 lb? 


P = 40,000# 



10*7 Is the beam shown satisfactory as judged by the following allowable unit 
stresses: 

Tension and compression on extreme fibers, 18,000 psi 


Average unit shearing stress in web, 


18,000 

1 +-^ 

7200t* 


, but not to exceed 12,000 psi. 
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Vertical compression on web, 16,000-170 but not to exceed 14,000 psi. 
Direct compression between flange and web over support is 24,000 psi. 



10*8 A beam of the section shown is aasembled from four standard channels. 
If the span length is 40 ft, determine the maximum allowable moment and the 
corresponding uniformly distributed live load. Consider the compression flange as 
being effectively supported against lateral deflection only at its ends and midpoint. 



rivets 

A IS''!! @33.9# 


What is the maximum allowable spacing of f-in. rivets in pairs at a point where the 
transverse shear force is 73,000 lb? Use the American Institute of Steel Construc- 
tion “Specification for the Design Fabrication and Erection of Structural Steel for 
Buildings,” 1946. 

10«9 A 12 in. X 25 lb channel is riveted with f-in. rivets in pairs to a 21 WF 63 
beam as shown, (a) Using the A.I.S.C. Specifications (1946), determine the safe re- 
sisting moment of this beam which is carrying a uniform load over a span of 20 ft 



laterally supported only at the ends. (6) If the allowable stresses on rivets are 15,000 
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psi in shear anci 32,000 psi in bearing, what should be the theoretical spacing of the 
rivets at a point where the vertical or transverse shear is 40,000 lb? 

10*10 A platogirder section is composed of the following: 

1 web plate, 68 xf 

4 flange angles, 6X6X2 

2 cover plates, 14 X i 
Rivets, f in. as shown 

The distance back to back of angles is 58^ in. If the allowable stress is 18,000 psi, 
what is the safe resisting moment of the girder section according to the A.R.E.A. 



Specifications (1944)? If the allowable intensity of stress on rivets is 13,500 psi in 
shear and 32,000 psi in bearing, what spacing of rivets connecting the flange to the 
wt4) will be required at a point where the vertical shear, v, is 140,000 lb? 

10*11 Two 10 in. X 15 lb channels are fastened to a 14 WF 34 lx)am by f in. 
diameter rivets, as showm. The beam thus formed carries a uniform load over a 
simple span of 16 ft with lateral support at the ends only, (a) Using the A.R.E.A. 



Specifications (1944) for the design and construction of steel railway bridges, find the 
maximum permissible total uniform load for this beam. (6) If the allow^able rivet 
stresses are 15,000 psi in shear and 32,000 psi in bearing, determine the theoretical 
spacing of flange rivets at a section where the shear is 25,000 lb. 
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10 « 12 For the girder section shown, using the approximate method, and assuming 
one-eighth the web effective as flange area, determine the safe resisting moment 
based on a tensile flange stress of 16,000 psi. 


in 


Rivets 
diameter 



10*13 A plate girder is composed of the following section: 

2 cover plates, 10 X i 
4 flange angles, 4X4X2 

1 web plate, 42 x | 

Rivets — J in. as shown. 

Using net section in both flanges and the moment of inertia method, what is the safe 
resisting moment of this girder if the allowable fiber stress is 18,000 psi? 



10*14 A 10WF49 section is to be used as an axially loaded, pin-end column 
with a length of 20 ft. Find the allowable load for such a column (a) according to 
the A.I.S.C. Specifications (1946), and {b) according to the A.R.E.A. Specifications 
(1944). 

10*15 If a 10WF49 section is subjected to an axial load of 100,000 lb, wliat 
concentrated transverse load can be carried at the center of the effective span of 
20 ft if the ends are free to rotate? The bending occurs about the major axis, and 
the allowable combined stresses are 

Tension 18,000 psi 

^ 20,000 

Compression ■ 

’ 20006* 
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10 ‘16 This column is a 14 WF 202 section. It carries a load of 400,000 lb acting 
through pins 4 in. from the midaxis of the column as shown. Check the design 



against the A.T.S.C. Specifications (1946) for buildings, using the following formula 
as the criterion for safe stress conditions: 


fa 

Fa 



10 'IT A load of 3 tons moves along the 12-ft arm of the post crane. Assume no 
impact. De.sign column AB in accordance with A.I.S.C. Specifications (1946). 




Chapter 11 

LIGHT-GAGE STEEL CONSTRUCTION 


110 Description 

Structural members formed from light-gage sheet and strip steel are 
now frequently used for light building construction. Since sheet and 
strip steel can be readily cold formed into a wide variety of shapes, its 
usefulness is limited only by the ingenuity of the designer and the 



economy of the resulting construction. Typical of the structural mem- 
bers which can be made in this manner are those produced by the Stran- 
Steel Division of Great Lakes Steel Corporation and whose dimensions 
and general properties are shown in Fig. 187 and Table 35. A dis- 
tinctive feature of Stran-Steel members is the patented nailing groove 
(Fig. 188), which permits the fastening of collateral material to wall 
studs or joists by ordinary nailing methods. Typical Stran-Steel roof 
framing is shown in Fig. 189. 

Ill Properties of Sheet and Strip Steel 

The base material, from which light-gage members are formed, is 
usually steel strip produced on a continuous strip-steel mill which is 
mechanically equipped to govern both the width and gage of the mate- 
rial and thus insure uniformity of the resulting product. The steel may 

294 
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have such physical and chemical properties as are desired, and, as a 
safeguard against corrosion, copper-bearing steel is commonly used. 
The steel is produced by the strip mill in the form of continuous coils 
several thousand feet in length. These coils are then passed through a 



Fig. 188. Stran-Steel Nailing Groove. 


straightening roll and slitter, which cuts the material to the required 
width for forming, after which shears cut it to the specified lengths. 
The pieces are then passed through forming rolls or other cold-forming 
devices which produce the desired shape of section and are spot-welded 
together to make the desired assembly. 

The A.S.T.M. Specifications ^ for light-gage stnictural quality flat- 
rolled carbon steel specifies chemical composition and tensile properties 


^ American Society for Testing Materials, Serial Designation A 246-41T. 
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for four grades of steel of thicknesses varying from 0.0477 to 0.0225 inch 
corresponding to the United States Standard Gage 18 to 24. Grade C 
steel by this specification has a minimum tensile strength of 52,000 
pounds per square inch and a yield point of 33,000. Strip steel fur- 
nished in accordance with this specification may not vary more than 
0.003 inch from the specified gage thickness. 



Courtesy Stran Steel Division Great Lakes Steel Corp. 

Fig. 189. Typical Roof Framing with Stran-Stoel Sections. 


Another A.S.T.M. Specification ^ for light-gage structural quality 
flat-rolled carbon steel specifies chemical composition and tensile prop- 
erties for four grades of steel of thicknesses varying from 0.2499 to 
0.0478 inch corresponding to the United States Standard Gage 3 to 18. 
Grade C steel by this specification has a minimum tensile strength of 
55,000 pounds per square inch and a yield point of 33,000. Strip steel 
over 3 1 inches wide, furnished in accordance with this specification, may 
not vary more than 0.003 to 0.006 inch from the specified gage thickness. 

112 Elastic Stability 

The distinguishing characteristic of light-gage steel members as com- 
pared with hot-rolled structural sections is the large ratio of width to 

* American Society for Testing Materials, Serial Designation A 245-41T. 
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thickness of webs and outstanding elements of the sections. A cold- 
formed C-shaped section, 8 in. X 4 in. X f in., made of 15-gage material 
will have b/t ratios of 11 for the lips. 59 for the flange s, and 119 for the 
web, whereas the A.I.S.C. Specifications for the design, fabrication, and 
erection of structural steel for buildings,® covering the use of hot-rolled 
sections, specifies that projecting elements of members shall not have a 
greater ratio of width to thickness than 12 for single angle struts and 16 
for other members including compression flanges of beams and girders. 

A member is elastically stable when it is able to retain its alignment 
under compressive buckling load without aid from outside stabilizing 
influence. Consideration of elastic stability is of particular importance 
for such material as steel which at the yield stress may suffer relatively 
large deformation without corresponding increase in load. It is, how- 
ever, of importance only for material in compression since tensile force 
tends to pull the material into the line of action of the applied force. 

The elastic stability of material acted upon by a compressive force 
was first discussed by L. Euler in 1744 with respect to the overall buck- 
ling of columns. Thus, when an axial compressive force is applied to a 
pin-ended bar, some bending-moment will be induced by unintentional 
eccentricity of loading or crookedness of the bar with the result that 
it will bend out of its original alignment. If a small lateral force is now 
applied to the bar its deflection will increase, but the bar will return to 
its original deflected form when the lateral force is removed, provided 
the axial load is less than that defined as the critical load. At the critical 
value of the axial load Pen however, any small lateral force will cause 
deflection from which the bar will not recover, and it is said to become 
elastically unstable at this point. For a bar with pin ends, Euler ^ deter- 
mined the critical axial load to be 



The average unit stress o^"er the cross section, under this condition of 
loading, is obtained from Equation 177 as 


Si = 



ir^E 

(W 


(178) 


It should be observed that the assumptions used in the derivation of 
Equations 177 and 178 are valid only within the proportional limit for 
the material and that the bar always becomes unstable when fer equals 
the yield stress of the material. 

® Revised Edition, February, 1946. 

^ S. Timoshenko, Theory of Elastic Stability ^ McGraw-Hill Book Company, 1936. 
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113 Elastic Stability of Thin Plates in Compression 

The Euler theory, discussed in Article 112, is based upon the assump- 
tions ordinarily made for pure bending; that cross sections of the bar 
remain plane and rotate only so as to remain normal to the deflection 
curve; that the deflection is quite small compared with the dimension 
of the section in the direction of the deflection ; and that the differential 
equation of the elastic curve is 


M = El 


d2y 

dx^ 


(179) 


Equation 179 takes into account only the resistance of the material 
to bending in one direction, and the term E is the measure of the resist- 
ance of the material to deformation from stress in one direction only. 
For thin wide plates with restrained or supported edges, the material 
between the edge supports will be bent simultaneously in two direc- 
tions by buckling action, and the term E must therefore be modified in 
such a manner as to take into account the resistance to change in form 
produced by this condition. Thus, for such a condition, the term E 
should be replaced ^ by 

where E = Young\s modulus = 29.5 X (10)^ for steel. 
u = Poisson^s ratio = 0.3 for steel. 


With this interpretation of the value of Equation 178 would be 
written in the form 


/i -= 




12(1 - 


(181) 


The Bryan-Timoshenko formula is the most generally accepted ex- 
pression for the critical compressive stress on thin plates with restrained 
or supported edges. The theoretical analysis from which this formula 
was derived is accredited to G. H. Bryan,® and the discussion has been 
extended principally by Timoshenko but also by others. Expressed in 
general form, for steel plates, this formula gives the following valve for 
the critical stress. 

ir^KEe ( t\^ 

* Timoshenko and Les.s<*l8, Applied Elasticity, p. 52, Westinghouse Technical Night 
School Press, 1925. 

• “London Mathematical Society,” Proc., Vol. XXII, 1891, p. 54. 
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where fcr = critical buckling unit stress. 

fi = critical compressive stress as regards buckling in the direc- 
tion of the width of the plate as given by the Euler formula 
(Equation 181) when L = 6. 
t = thickness of plate. 
b = width of plate. 

K = a coefficient depending upon the ratio of the length to the 
width of the plate and upon an integer m which represents 
the number of half waves into which the plate buckles. 

= {L/mb + mh/Lf (183) 

It has been established by several investigators " that for plates whose 
length in the direction of the applied compression force exceeds two to 
three times the width, the value of K may be taken as follows: 


One edge supported, other edge free K — 0.5 
One edge clamped, other edge free K — 1.33 

Both edges supported = 4.0 

Both edges clamped X = 7.0 


A supported edge is one which is prevented by some suitable means 
from deflecting in a direction perpendicular to the width of the plate; a 
clamped edge represents one which is, in addition, restrained against 
rotation. According to the A.I.S.l. Specifications,® an element which is 
stiffened at only one edge parallel to the direction of stress is defined as 
an unstiffened element; elements which are stiffened along both edges by 
connections to a stiffening means, such as a web, flange, or stiffening lip, 
are regarded as stiffened elements. These specifications require that 
the stiffener running along the edge of the element have the following 
minimum moment of inertia: 



where b — width of the element. 

t = thickness of the element. 


When the stiffener consists of a simple lip, bent at right angles to the 
stiffened element, the recjuired depth d of such lip may be approximated 


by the formula ® 



(185) 


^Timoshenko and Lessels, Applied Elasticity^ p. 292: “The Problem of Elastic 
Stability, “ by L. Donnell, Aeronautical Engg.y Vol. No. 4, October-December,1933, 
p. 141. 

® American Iron and Steel Institute Specifications for the Design of Light-Gage 
Structural Members, 1946. 
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It is of course often impossible to establish precisely the condition or 
degree of support or restraint furnished the edges of the plate by adja- 
cent elements of construction; therefore the value of K to be used for a 
particular condition must depend largely upon judgment and should be 
chosen to provide reasonable and safe limitations on design. 

Since the basic conditions assumed in the derivation of the Bryan- 
Timoshenko formula are the same as were noted for the Euler formula, 
Equation 182 is invalid beyond the proportional limit, and the critical 
stress will never be greater than the yield stress of the material. The 
proportional limit is that point at which the stress-strain curve deviates 
from a straight line, and the determination of its value requires precise 
instrumentation and testing procedure. Tests reported by various 
investigators have showm values of the proportional limit for steel rang- 
ing from 30 to 100 per cent of the tensile yield stress. The lower values 
were obtained ^\dth exceptionally precise instruments and with the 
loading applied slowly; whereas the large values were determined with 
rapidly applied loading and by measuring instruments incapable of 
detecting minute deformations. The higher values are also generally 
applied to high-carbon steels. For steels with a yield point of 25 to 
40,000 pounds per square inch, the proportional limit will generally be 
definite at a stress of about five-eighths of the yield stress. 

Various procedures ® have been proposed for estimating values of the 
critical stress when its value is between the proportional limit and the 
yield stress. The method adopted for the following derivations is based 
on the assumption that the proportional limit is five-eighths of the yield 
stress, Young^s modulus of elasticity equals 29.5 X (10)® and that 
between the proportional limit and the yield point the value of E in 
Equation 182 varies in accordance with the relationship shown by the 
following equation: 

^ = r iizhi\ 29.5 X (10)« (186) 

~ fpl-I 

where fy = yield stress. 

fpi = proportional limit. 

fer = critical stress (between fpi and/^). 

Based upon this interpretation of Ej Equation 182 would be replaced by 
two equations, one covering the range where fer i^ greater than fpi and 
the other the range where fer is less than fpi. 

® S. Timoshenko, Theory of Elaatic Stability f p. 157, McGraw-Hill Book Company, 
1936. 
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When/cr is greater than/pj, 


/cr = 


71,100,000 7C 


When fcT is less than /pj. 


u+- 


1,100,000 iC 


fcr = 


fy 

20,662,000 K 


ey 


(187) 


(188) 


Values of fcr as given by Equations 187 and 188 are represented graph- 
ically by the solid line curves in Fig. 190 for steel having a yield stress 
of 33,000 pounds per square inch. For plates supported along one edge 
K = 0.5 and supported along both edges iC = 4.0. 



Value of b/t 
Fig. 190. 
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114 Ultimate Compressive Load 

As a result of research on Dural sheets to which stiffening elements 
arc attached, as commonly used in the aeronautical industry, it has 
been established that the contribution of the sheet to the combination 
is somewhat greater than that obtained by computing the ultimate 
resistance of the sheet as that produced by the critical stress. This 
condition is more pronounced for sheets whose h/t ratio is large (in 
excess of 100) than for sheets with smaller values of b/t. Equations 187 
and 188 are based upon a uniform distribution of the load over the area 
of the section and up to the value of fcr given by these equations, the 
usual assumptions made in flexural analysis hold with satisfactory 
accuracy. If, however, the load is increased, some portions of the 
section will develop no further resistance, and the local buckles will 
become more pronounced as the load is increased further. Portions of 
the section adjacent to supported edges will be prevented from develop- 
ing local buckles by the support, and these areas will thus continue to 
develop increased resistance to the load. The ultimate value of P will 
be reached when these areas develop a unit stress approaching, fy and 
the value of Puit ^vill generally be greater than Per* At the ultimate 
stage of loading, however, the unit stress on the section will not be uni- 
form; near supported edges it may approach closely the value /j,; at the 
outer edge of a plate supported along one edge only or at the center of a 
plate supported along two edges, it may likely be less than the value of 
fcr given by Equation 182. For a plate supported along two edges it is 
sometimes assumed that at the ultimate load the stress in the section 
is distributed in the form of a sine curve with the unit stress equal to 
fcr at the center of the width and represented by fe (not greater than fy) 
at the supported edges. The resulting ultimate load is then expressed as 

Pun = hWe + fcr) (189) 

The foregoing analysis of the value of the ultimate load gives rise to the 
employment of a so-called effective width with Puu expressed in the form 

Puit = febet (190) 

where ^be = width of effective strip along supported edge. 

Equating the values of Puu as given by Equations 189 and 190 we 
have 

ibe = 0.256(1 +/„//.) (191) 

The value of fer/fe will vary from a maximum of unity when fe = fcr 
to a minimum of fer/fy when fe = fy. 

Sechler and Dunn, Airplane Structural Analysis and Design^ John Wiley and 
Sons, 1942. 
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When fe has the limiting value of fy from Equation 190 




(192) 


Rased upon laboratory tests of stiffened Dural sheets, E. E. Sechler 
proposed the use of the following empirical equation for the effective 
width; 


1 

- he = 0.4476 
2 



(193) 


Substituting the appropriate values for Dural in Equation 182 gives 
E = 10.3 X (10)® 
u = 0.3 


K = 4.0 for plate supported along two edges 


for — 


37.23()G X (10)® 



Based on the limiting value of fe == fy — 40,000 pounds per square inch, 
the effective width from Equation 193 is be = 27 .3^. 

The American Institute of Steel Construction Specification (1946) 
for the design, fabrication, and erection of structural steel for buildings 
permits b/t ratios of 12 to 16 for projecting elements of members under 
compression and states that, when a projecting element exceeds the 
width-to-thickness ratio prescribed and would satisfy the stress re- 
quirements with a portion of its width removed, the member will be 
considered acceptable without the actual removal of the excess width. 
According to this specification, therefore, the limiting value of Per 
would be determined from Equation 190 when /c = fy and be = 12 to 
16 ^ 

The A.I.S.C. Specification further states that for compression mem- 
bers the unsupported width of web, cover, or diaphragm plates shall 
not exceed 40 times the thickness but that when the width exceeds the 
limit and a portion of its width no greater than 40 times the thickness 
would satisfy the stress requirements, the member will be considered as 
acceptable. According to this specification the limiting value of Per 
would be determined from Equation 190 when /« = fy and be = 40^ 

" “The Strength of Thin Plates in Compression/' by T. von Kdrmdn, E. E. Sechler, 
and L. H. Donnell, Trans. A.S.M.E. Vol. 54, No. 2, January 30, 1932. 
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While the foregoing limits of effective width may be satisfactory for 
structural steel members composed of material more than inch thick, 
the author recommends more conservative limits for light-gage material 
less than ^ inch thick and suggests a limiting value of 12t for plates 
supported along one edge and 32t for plates supported along both edges. 

Values of /cr, as given by Equation 192, corresponding to be equal to 
12^ and 32^, respectively, are shown graphically by the dotted line curves 
in Fig. 190 for steel with a yield stress of 33,000 pounds per square inch. 


115 Critical Stress 

In structural design, working stresses and loads are based upon the 
yield stress of the material despite the fact that members may with- 
stand ultimate loads considerably beyond this limit. For tension mem- 
bers this practice is perhaps conservative, since stress beyond the yield 
point may possibly do no harm other than producing some permanent 
elongation or perhaps excessive deflection of the structure. In tests of 
rolled-structural-steel I-beams, conducted at the University of Illinois, 
it was found that, for nearly all the beams tested, “excessive deforma- 
tion, large permanent set, or other signs of structural damage was ob- 
served at computed fiber stresses not much higher, if any, than the 
yield strength of the material.’^ For this reason, the report of these 
tests states, “It is unsafe practice to regard as the ultimate stress in 
flexure any value higher than the yield point strength of the material 
of the beam.” For material in compression elastic instability will 
always be encountered when the unit stress equals the yield stress; 
local wrinkles will develop when the average unit stress reaches the 
values determined by Equations 187 and 188, and the limit of resistance 
will be reached when the unit stress reaches the value determined by 
Equation 190. For thin plates subject to the condition of elastic insta- 
bility, the critical stress should be used in place of the yield stress of the 
material, to determine working stresses. 

For practical design purposes, the author recommends that the 
critical stress be determined by the use of a straight-line equation 
coupled with the provision that for be considered not less than the value 
given by Equation 192 when be equals 12t for elements supported along 
one edge and 32t for elements supported along both edges. Thus, when 
fcr = kfyy for elements supported along one edge^ 


k 



fy 1 fv lb 

1.05 -f - ~ — - 0.0048 + 

L 103,000J L 1,270,000J i 


(194) 


“ “The Strength of Steel I-Beams in Flexure,” by Herbert F. Moore, University 
of Illinois, Engineering Experiment Station, Bulletin No. 68. 



Value of * = 4//, 


CRITICAL STRESS 


305 



but not less than 12/ (6/0 and not greater than unity. For elemmts 
supported along both edgeSy 


k 



1.062 H — — 1 - [ 0.0019 — 1 - 

121,000J L 3,846,000j 


(195) 


but not less than 32/(6//) and not greater than unity. When fy = 
33,000, Equation 194 reduces to the form 
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For elements supported along one edge 


k = 


1.371 


- 0.0308 



( 196 ) 


but not less than 12/ (6/0 and not greater than unity. When fy = 
33,000, Equation 195 reduces to the form 


For elements supported along both edges 


k = 


1.335 - 0.0105 



(197) 


but not less than 32/ (6/0 and not greater than unity. Values of k 
as given by Equations 194 and 195 are shown graphically in Fig. 191 
for various values of fy. 

In determining the b/t ratios of elements composing the section, the 
author recommends that 6 equal the width of the flat portion of the 
element exclusive of curved edge fillets, and t is the thickness of the 
element. 


116 Form Factor for Sections in Compression 

The ultimate compressive load resisted by a section made up of rec- 
tangular elements will be a composite of the strength of the elements 
comprising the section. Let such a section be divided into rectangular 
elements which have the respective areas ai, 02 , etc. Let the values of 
k = fcr/fy for each of these elements be indicated as A^i, A: 2 , etc. Then, 
if ki is the least of these values of A;, element oi will reach its limit of 
resistance when the total load on the section has the value 


Pi = kify(ai + 02 + CJ3 • • • + On) 


This element will be prevented from actually failing at this point by 
virtue of the greater resistance of the other elements of the section, and, 
if the total load on the section is increased, its resistance will remain 
nearly constant until substantial deformation of other elements has 
occurred. Now if the load is increased to a value P 2 , assuming element 
ai to offer no additional resistance, element 02 will reach its limit of its 
resistance when 


P2 = + k2fy{a2 + 03 • • • + On) 

As the load on the section is increased further, each additional element 
will, in a similar manner, successively reach the limit of its resistance. 
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and the limit of load will be reached when 

Puit = kifjfli + k 2 fj/i 2 + k^fya^s • • • + krtfyan 
= fyEka = FfyAj where 

hka 'Lkbt 

F = form factor of section = = (198) 

A 'Zht 

A = gross area of section. 

k = fcr/fy determined from Equations 194 and 195. 
h = flat width of any element (exclusive of fillets). 
t = thickness of any element. 



The determination of the form factor of the section shown in Fig. 192 
is as follows: 


Example 

The section will be considered as made up of rectangular elements having the 
following flat width to thickness ratios. 


2 webs 


5.76 

0.06 


= 96 


4 flanges 
4 flange stiffeners 


h ^ 3.76 
t 0.06 


62.5 


b ^ 0.63 
t ” 0.06 


10.5 


The webs are supported along both edges by the outstanding flanges; the flange 
stiffening lips are supported along one edge; the flanges are supported along one 
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edge by the web and may also be considered as supported along the other edge 
since (Equation 185) 

I in. > 2.8 X 0.06[(62.5)2 - 144]’^ = 0.662 in. 

Assuming the section to be made of structural grade steel (fy = 33,000) values 
of the k factors for the several elements are obtained from Equations 196 and 
197 as follows: 

Webs i: = 1.335 - (0.0105 X 96) = 0.33 

use ife = M = 0.33 

Flanges k = 1.335 - (0.0105 X 62.5) = 0.68 

Stiffening lips k = 1.371 - (0.0308 X 10.5) = 1.047 

use k = 1.0 


(2 X 0.33 X 5.76) + (4 X 0.68 X 3.76) + (4 X 1 X 0.63) 
(2 X 5.76) +"(4 X 3.76) + (4 X 0.63) 

= ^ = 057 
29.08 


It will be noted that F measures the ultimate unit stress on the com- 
posite section in terms of the yield stress of the material and that for 
the section used in the above example, the effective yield stress is 
57 per cent of the yield stress of the material. It will also be observed 
that, since the value of F never exceeds unity, only sections composed 
entirely of elements, which are elastically stable at unit stresses equal 
to the yield stress, have a form factor of unity. 

This procedure can be applied only to sections which may be divided 
into rectangular elements; curved elements have a much greater buck- 
ling resistance, but no data is yet available for theoretical analysis of 
their behavior. 

When sections are comprised of elements which have a wide diver- 
gence in their values of A;, considerable distortion of the more elastically 
unstable elements may occur before actual failure of the composite 
section. For such members the factor of safety should be chosen with 
due regard to these more unstable elements. 


117 Allowable Unit Stress on Light-Gage Steel 

For hot-rolled structural shapes made of steel with a yield stress of 
33, (XK) pounds per square inch, the basic unit stress allowed by the 
A.I.S.C. Specification is 20,000 pounds per square inch, which corre- 
sponds to /y/l.()5. Since the permissible underrun in thickness is 0.01 
inch, a ^-inch plate designed for 20,000 pounds per square inch might 
actually be stressed to 21,200 pounds per square inch. 
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Tolerance in thickness of strip steel is a greater percentage of the 
thickness than for hot rolled plates; hence, for the same limiting stress 
on material with maximum underrun in thickness, the basic unit stress 
should be decreased accordingly. On this account, a safety factor of 
1.85 based on the yield stress is recommended for light-gage steel, and 
the basic unit stress would tlierefore be expressed as follows: 

For material in tension, 

/ = — - (199) 

1.85 ^ 

For material in compression, 

Pfy 

/ = — ( 200 ) 

1.85 

where F = form factor. 

The American Iron and Steel Institute Specifications (1946) for the 
design of light-gage structural members specifies a basic tensile stress 
of /y/1.85 and the same value in compression for elements supported on 
one edge when h/i is not greater than 12. When h/t is greater than 12 
but less than 30, these specifications allow a value of unit stress given 
by the following formula: 

fa = (^h - 543o) “ 78 7 (201) 

where h = flat width of projecting element, exclusive of fillets. 
t = thickness. 

/6 =/,/!. 85. 

When h/t is greater than 30 but not more than 60, 

= 12,600 - 148.5 (202) 

For elements supported along both edges, the A.I.S.T. Specifications 
allow the basic stress of fy/l.S5 on an effective design width j computed as 
follows: For stress determinations for h/t equal or less than 


M = 


he = 


[17.6 X (10)® + V[17.5 X (10)®]=^ - [436 X (10)®][7600v7 


7600\// - 25/ 



(203) 

(204) 
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When b/t is greater than M, 


7GO0i 

r, 2300 1 

Vf 

1 

H 

1 


( 205 ) 


For deflection determinations, when h/t is equal or less than 

[32.2 X (10)®] + V[32.2 X (10)®]^ - [805 X (10)®][10,320V/ - 25/] 


N = 


fc. = 


10,320\// - 25/ 


[32.2 X (10)®] 




fN^ 


+ 25 


(206) 

(207) 


For b/< greater than N, 

. 10,320« 


3120 1 



(208) 


where h = flat width of compression element (exclusive of curved fillets). 
he = effective design width used in determining the area, moment 
of inertia, etc., of the effective section. 

/ = unit stress on the compression clement computed on the 
basis of the effective design width. 

The portion of the width considered as removed to arrive at the effec- 
tive design width is located symmetrically about the centerline of the 
element. 


118 Light-Gage Steel Beams 

The load capacity of light-gage steel beams will usually be controlled 
by the allowable unit stress on the compression flange. Shear stress in 
the web at the supports and at concentrated loads must also be given 
careful consideration. 

When the elements of the compression flange have such proportions 
that the flange is elastically unstable at stresses corresponding to the 
yield stress of the material, consideration must be given to the form fac- 
tor of the flange. The effective-yield stress may be considered as equal 
to Ffy, where F is the form factor of the elements comprising the flange 
area, if the flange is secured against lateral deflection. 

When the compression flange is not fully secured against lateral bend- 
ing, the allowable stress for vertical bending must be further reduced to 
allow for the additional stress induced by such lateral bending action. 
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The A.I.S.I. Specifications (1946) require that the maximum com- 
pression in pounds per square inch on the extreme fiber of laterally 
unsupported compression flanges of straight I-shaped members shall 
not exceed 


/ = 


250,000,000 



(209) 


where r is the radius of gyration of the entire section about the gravity 
axis parallel to the web. 

Web stresses in light-gage beams are frequently critical under concen- 
trated loads and at bearing on supports. The A.I.S.I. Specifications 
(1946) require that the maximum average shear stress on the gross area 
of a flat web shall not exceed 

64,000,000 


with a maximum of § X /y/1.85 

w here h = clear distance* between flanges. 
t = web thickness. 



In webs consisting of two or more sheets, each sheet is to be considered 
as a separate member carrying its share of the stress. 

To avoid crippling of flat \vebs, the A.I.S.I. Specifications (194()) 
require lengths of bearing as follows: 

(a) For concentrated load at any point in the span or for the reaction 
of continuous supports 

r 1.85P f 

= minimum length of bearing (inches) 

(h) For concentrated loads on the outer end of cantilevers or simple 
end reaction of beams 

r 1.85P f 

B t\ ; 8 (212) 

lomefy J 

= minimum length of bearing (inches) 

The following examples illustrate the procedures discussed in this 
article. 



312 


LIGHT-GAGE STEEL CONSTRUCTION 


Example 1 

Using the form factor procedure discussed in Article 116, determine the safe 
total uniformly distributed load for a simply supported beam of 12-ft span. 
The beam is made of structural-grade steel and has the cross section shown in 
Fig. 193. The top flange is continuously supported against lateral deflection 
at all points in the span. 



The properties of the gross section are computed by the usual methods, with 
the following results: Neutral axis at mid-point of depth 


I = 4.15 in.-* S = 1.38 


Allowable unit stress : 
Tension flange 


fy 33,000 


/ = — = 

J 1 QK 


1.85 1.85 


= 18,000 psi 


Compression flange. Flange is assumed to consist of the outstanding flat 
elements supported along one edge only by the web. 


6 ^ 0.88 

i “ 0.06 


14.7 


From Equation 196, 


k = 1.371 - (0.0308 X 14.7) 

= 0.92 

Allowable / = 0.92 X 18,000 = 16,600 psi 
’ 1.38 X 16,600 


Safe W = 


1.5 X 12 


= 12,700 lb 
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Example 2 

Given the same beam and span as in Example 1, determine the safe load in 
accordance with the A.I.S.I. Specifications (1946) : (a) when the top flange is con- 
tinuously supported against lateral deflection, and (6) when the top flange is 
braced laterally only at the supports and at mid-span. Properties of the section 
are the same as determined for Example 1. 

Allowable unit stresses: 

Tension flange 

^ fy 33,000 . 

Compression flange. For case (a), flange is assumed to consist of the out- 
standing flat elements, supported along one edge only by the web. 


and from Equation 201 

= ( fXJj ’ QQQ _ 5430^ _ 1 (18,000 - 8150)14.7 
= 16,530 psi 

For case (6) ; unsupported length of flange = 72 in. Radius of gyration of 
entire section about axis parallel to web, computed by usual methods, is 


0.292 in. and — = 246.6 


From Equation 209, 


250,000,000 

(246.6)2 


4110 psi 


Safe W = 


Safe W = 


1.38 X 16,530 
~1.5 X 12 

1.38 X 4110 _ 
1.5 X 12 “ 


12,600 lb 


3150 lb 


Example 3 

Given the beam section shown in Fig. 192 to determine the safe resisting 
moment based upon the form factor of the compression flange. The material 
is structural-grade steel (fy = 33,000 psi). The compression flange is continu- 
ously supported against lateral deflection. 

Properties of gross section (computed in accordance with usual methods) : 

Area = 1.83 sq in. 

I = 11.93 
S= 3.97 
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Compression flange will be assumed to consist of the outstanding elements, 
4 in. wide with J-in. stiffening lips. Check adequacy of stiffening lips. 

& [3 TC 

- of outstanding flange element = = 62.5 

t O.uo 

From Equation 185, 

min d = 2.8 X 0.06[(62.5)2 - 144]^ 

= 0.662 in. < ^ in. 

Stiffening lips are therefore adequate, and outstanding flange elements ma\'^ 
be considered as supported along both edges. 

Allowable unit stresses: 

Tension flange 

fy 33,000 


/ = 


1.85 


1.85 


= 18,000 psi 


Compression flange. Horizontal elements b/t 
tion 197, 


k = 1.335 - (0.0105 X 62.5) = 0.68 > — 


62.5; hence, from Equa- 


32 


Stiffening lips b/t — 0.69/0.06 = U.5, hence, from Equation 196, 
k = 1.371 - (0.0308 X 11.5) = 1.01 (use 1.00) 

Form factor (Equation 198) is 

(0.68 X 3.76 X 0.06 X 2) -f (1.00 X 0.60 X 0.06 >^2) 

^ “ (3.76 X 0.06 X 2) + (0.69 X 0.06 X 2) 

_ 0.3068 4- 0.0828 _ a.3896 
0.4'^4- 0~0828 “ a5340 
= 0.73 

Hence, from Equation 209, the allowable unit stress is, 

/ = 0.545 X 0.73 X 33,000 = 13,130 psi 
Safe resisting moment. 

M = 13,130 X 3.97 
= 52,130 in.-lb 

Example 4 

For the same data given for Example 3, compute the safe resisting moment 
according Uy the requirements of the A.I.S.I. Specifications (1946). (See Exam- 
ple 3 for properties of gross section, and for check of adequacy of stiffening lips.) 
Effective design width, compression flange. From Equation 203, / == 18,000, 

[17.5 X (10)T 1 

^ i + V[17.5 X (10)°]'^ - [436 X (10)°l[7(K)0Vl8,00() - (25 X 18,000)1 1 
7600-N/l8^6ob - (25 X 18,000) 


44.1 
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Since b/t = 62.5 > 44.1, u.se Ecjuation 205. 

^ ^ 7600 X 0 .06 r ^ _ 23 0 0 ] 

VlS^ L 62.5-^18,000 J 
= 2.47 

The width to l)e deducted from j^ross flange width = 4 — 2.47 = 1.53 in. The 
efl’ective section will be as sliowu in Fig. 194a. 




(a) 


Fuj. 194. 


Properties of effective section. Deduction of the areas indicated in Fig. 194a 
will reduce the area by 2 X 1.53 X 0.00 = O.IS s(| in. The neutral axis of the 
effective section will be located 

0.18 X 2.97 0,5346 

(1.83 - 0.18) " 1.65 “ " 

below the axis of the gross section. The moment of inertia of the effective sec- 
tion is computed as follows: 


Ig of gross section 

= 11.93 

1.83 X (0.32)‘^ 

= 0.19 

7 of gross section about neutral 


axis of effective section 

= 12.12 

Deduct 0.18 X (2.97)2 

= 1.59 


I of effective section 
Safe resisting moment 


= 10.53 

18,000 X 10.53 
3.32 


57,060 in.-lb 
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119 Light-Gage Steel Columns 

Considering the elastic stability of the elements comprising a section 
in compression, it was shown in Article 116 that Puit == This 

would therefore represent the limit of compressive load which could be 
placed on a very short compression member (L/r approaching zero) 
with no eccentricity of loading. The quantity Ffy represents the modi- 
fied or effective yield stress which should therefore be substituted for fy 
in column load determinations. For a member with L/r = 0, no eccen- 
tricity of loading and based on a safety factor of 1.85, the value of the 
average compressive stress should never exceed 

/ = T (213) 

A 


Since some eccentricity of loading and crookedness of member is unavoid- 
able, the column formula must allow for such conditions and provide a 
rational reduction in the allowable load. The author therefore recom- 
mends the following working formulae for light-gage steel members : 

When L/r is less than 24,000/V^y, 


/ = 7 = 0.464F/, - 
A 


(Ffy)^ /Ly 

2494 X (lO)® \ r) 


(214) 


When L/r is greater than 24,000/V^F^, 


P 134 X (10)« 


(215) 


For structural-grade steel members {fy = 33,000), Equation 214 may be 
expressed in the following form : 

When L/r is less than 132/ 

/ = j = 15,300F - 0.437^2 f - j (216) 

liVhen L/r is greater than 132/\/F; use Equation 215, 

The foregoing column formulae are determined from a consideration 
of the secant formula (see Equation 150, Chapter 10) when the uninten- 
tional eccentricity of loading is = 0.25r^/c, the eccentricity due to 
crookedness of member is C 2 = L/480, and the total eccentricity is 
e = 61 + 62 . The results given by the formula will approximate those 
given by the secant formula for a member with r/c = 0 . 8 . It will also 
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be observed that Equation 214 is the Johnson-type parabolic formula 
where F/j,, representing the effective yield stress of the section based on 
its elastic stability, has been substituted for fy. 

The determination of the safe axial load on a typical section is as 
follows: 

Example 1 

Consider the section shown in Fig. 192 to l»e used as a column having an 
unsupported length of 8 ft. Properties of gross section (computed in the usual 
manner) are 

Area = 1 .83 s(j in. 

For axis (l)-(l), I = 11.93, r = 2.55 

For axis (2)-(2), I = 2.08, r = 1.06 

Form factor (see Article 116) F = 0.57 

— — — - = 91 < — 7 "— = 175 (Use Equation 216) 
r 1.06 • V^.57 

^ = (15,300 X 0.37) - 0.437(0.57 X 91)= 

= 8721 — 1176 = 7545 psi 
Safe axial load = 7545 X 1.83 = 13,810 lb 

The A.I.S.I. Specifications (1946) specify column formulae similar to 
Equations 214, 2l5, and 216 except that a term Q is substituted for the 
form factor F. The factor Q is defined by these specifications as follows: 

(а) For members composed entirely of stiffened elements, Q is the 
ratio between the effective design area as determined from the effective 
design widths of such elements (Equation 204 or 205) and the full or 
gross area of the cross section. The effective design area used in deter- 
mining Q is to be based upon the basic design stress 1.85. 

(б) For members composed entirely of unstiffened elements, Q is the 
ratio between the allowable stress fc (Equation 201 or 202), for the 
weakest element of the cross section (the element having the largest 
flat-width ratio), and the basic design stress /j,/l. 85. 

(c) For members composed of both stiffened and unstiffened elements, 
the factor Q is to be the product of a stress factor Qs computed as out- 
lined in ib) and an area factor Qa computed as outlined in (a), except 
that the stress upon which Qa is to be based shall be that value of the 
unit stress fc which is used in computing noting that the effective 
area to be used in computing Qa is to include the full area of all unstiff- 
ened elements. The following example illustrates the application of 
the A.I.S.I. Specifications to a typical problem. 
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Example 2 

Same problem as Example 1, computed in accordance with the A.I.S.I. 
Specification. The effective section, according to this specification, is represented 
in Fig. 1946. 

Since the section is composed of both stiffened and unstiffened elements, the 
procedure outlined in (c) will apply. The stiffening lips are the only unstiffened 
elements of the section and, since b/t = 10.5 < 12, /c = 18,000, and Qa = 1.0. 

The value of Qa is determined in accordance with the provisions stated in (a) 
as follows: From Equation 203, when / = 18,000, M = 44.1 and since h/t for 
both the web and the flanges exceeds this value, the values of he are given by 
Equation 205. 

For the flanges, 

^ _ 7600 X 0.06 r 2300 1 

y/\8fi00 L 62.5v^l^06j 

= 2.47 in. 

For the webs, 

^ ^ 7600 X 0.06 r ^ 2300 1 

L ooVisTiodJ 

= 2.79 in. 


To determine the effective .section (Fig. 1946), the following widths must 
therefore be deducted. 

Hanges 4 — 2.47 = l .53 in. 

Webs 6 — 2.79 — 3.21 in. 

Ciross area = 1.83 

Deduct 4 X 1.53 X 0.06 = 0.37 
2 X 3.21 X 0.06 = 0.3S 

0.75 


Effective area = 1 .08 scj in. 


Qa = 


1.08 

1.83 


0.59 


The Q factor used to replace F in the column formula (iMpiation 216) is 
therefore 

Q = Q.Qa = 1 X 0.59 = 0.59 

V = (15,300 X 0.50) - 0.437(0.59 X 91)* 

A 


= 9027 - 1200 = 7767 jwi 
Safe axial load = 7767 X 1.83 = 14,210 lb 
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PROBLEMS 

11 •! The section shown is to* he used as a beam, bending about axis 1-1. What 
is the minimum value of t for which the compression flange can be considered elas- 
tically stable? 


R = 

1 


11*2 Using a value of t = 0.08 in. for the beam section in Problem 11-1, calcu- 
late the form factor of the compression flange and the allow^able stress in compres- 
sion. Assume grade C stt'cl (fy — 33,000 psi). 

11*3 The .section shown is to be used as a simple l)eam 12 in. wide, on a span of 
7 ft. Determine the safe uniformly distributed load (a) using the form factor to find 
allowable stress, and (b) according to the A.I.S.I. Specifications (1946). 





C 


0.08"-H 




11*4 For the beam section shown calculate the allowable stress in compression 
and the resisting moment of the section (a) using the form factor, and (6) using the 
A.I.S.I. Specifications (1946). Neglect fillets in finding properties of section, and 
assume full lateral support for compression flange. 



11 *5 A rectangular steel plate 10 in. wide, 0.10 in. thick, and 3 ft long is uni- 
formly loaded in compression in the direction of its length. The longitudinal edges 
are clamped (fixed), fy * 33,000 psi. (o) According to the Bryan-Timoshenko 
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formula for the buckling of thin plato, calculate the criti(;al buckling unit stress and 
also the total load on the plate at that stress. (6) Is the total load calculated in 
(a) the maximum load the plate will resist? ExpltCin. 

11-6 The section shown in Problem 11-1, with t = 0.08 in., is used as a beam on 
an 18-ft span. The compression flange is braced laterally at the ends and at mid- 
span. Calculate the allowable stress in compression (fy = 33,000 psi) (a) using the 
form factor of the compression flange, and (5) according to the A.I.S.I. Specifica- 
tions (1946). 

11 *7 According to the A.I.S.I. Specifications (1946) calculate for the section in 
Problem 11-4 (a) the maximum allowable reaction for a simply supported beam, 
bearing length 3 in. (6) the allowable concentrated load on a bearing plate 2 in. long. 

11 *8 A column of length 8 ft has the section shown, fy = 33,000 psi. (a) Find 
the allowable load using the form factor of the section. (6) Find the allowable load 



according to the A.I.S.I. Specifications (1946). (c) At what load would failure by 
local buckling be expected in a very short column having this section? 

11 *9 An axially loaded strut is made up of two angles arranged as shown. Fy 
33,000 psi. Calculate the allowable load if the length is 10 ft. 



11 *10 A column is made up of two C-sections placed as shown with the lips 
welded together at 2-ft intervals. If L/r = 45 and fy = 33,000 psi, calculate the 
safe axial load. 


3 " . . , 3 " 
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Chapter 12 


REINFORCED CONCRETE BEAMS, SLABS, AND 

COLUMNS 

120 Physical Properties of Concrete 

Concrete is an artificial stone consisting of a mixture of particles of 
stone, Portland cement, and water. This mixture in plastic or liquid 
condition is poured into molds or Jorvis which give it the desired shape, 
and it is then allowed to set for such time as is necessary for it to harden 
and attain necessary strength. The forms and their supports are then 
removed and the exposed surface of the concrete left rough or finished 
as may be desired. 

The active ingredients in the concrete mixture are the Portland 
cement and the water. These combine chemically,^ forming a stone- 
like matrix in Avhich the particles of stone in the concrete mixture are 
imbedded. The richness of the mixture is determined by the percentage 
of cement in the resulting concrete, and the mix is expressed by the ratio 
of the parts of cement to parts of stone particles (aggregate). Thus a 
mix 1 : 3 means one part cement to three parts of aggregate, and a 1 : 4 
mix is a leaner mix bec^ause of the reduced percentage of cement. Mixes 
are sometimes expressed in the form 1:2:4, meaning 1 part cement to 
2 parts fine aggregate to 4 parts coarse aggregate. 

•The mixture of cement and water forms a paste which fills the spaces 
or voids between the particles of stone, and the volume of these voids 
determines the quantity of cement paste required for a unit volume of 
finished concrete. The strength of the concrete is proportional to the 
quality of this cement paste as measured by the water-cement ratio or 
ratio between the quantity of cement and quantity of water per unit 
volume of concrete. (See Fig. 195.) The cement paste also acts as a 
lubricant applied to the stone particles and gives the resultant concrete 
mixture plasticity which permits it to flow into place. Increasing the 
quantity of water will also increase the fluidity of the concrete, but if 

^ See “Digest of the Literature on the Nature of the Setting and Hardening Process 
in Portland Cement,’* by R. H. Boguc, Paper 1617 of the Portland Cement Fellow- 
ship at the Bureau of Standards, Washington, D. C. 
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water alone is added mthout corresponding increase in the cement, the 
resultant concrete will have impaired strength. 

The stone particles contained in the mixture are called aggregate and 
classified as fine aggregate and coarse aggregate. The fine aggregate 
includes particles less than about ^ inch in diameter; the coarse aggre- 
gate includes the remainder of the stone particles. The maximum size 
of stone in the coarse aggregate is determined by the massiveness of the 
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Fig. 195. Effect of Quantity of Mixing Water on Strength of Concrete. 


finished construction and the necessity for complete imbedment of all 
stone particles. Aggregate should be reasonably well graded from fine 
to coarse in order to provide the most dense mixture and therefore reduce 
the required quantity of cement paste to a minimum. It should be com- 
prised of sound, strong, and durable pieces of stone or stones and should 
be free from organic matter, loam, and material which would reduce the 
strength or durability of the concrete. 

The combining of cement and water constitutes the hardening process 
and requires an appreciable interval of time, during which setting or 
curing period the fresh concrete must be supported. The temperature 
maintained during this period is also important, as reduced temperatures 
will retard, and increased temperatures accelerate, the setting process. 
The period of time which must be allowed for curing must therefore bo 
adjusted accordingly. (See Fig. 196.) On the basis of strength, the 
quality of concrete is defined by the crushing strength of concrete cylin- 
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ders made and tested under laboratory conditions at the age of 28 days.- 
The test cylinders are stored and cured under ideal conditions and main- 
tained at a temperature of 70° ^ during this period. This strength 
forms the basis for establishing working stresses used in reinforced con- 
crete structures, and, in all cases where loads may be applied to the struc- 
ture before the expiration of this 28-day period, either the green con- 
struction must be adequately supported or else the design adjusted to 



Fio. 190. P(*roentaKos of Stron^th for Difforont Temporal arcs. 
(From Bulletin .S’/, r»iv(Msity of Illinois KiiKinocrinf? Experiment Station.) 


provide for the reduced strength of tlie concrete. The same conclusions 
apply for concrete cured under temperature conditions lower than the 
normal of 70 degrees. Freezing temperatures are likely to produce per- 
manent mechanical damage to the concrete and are never permitted. 
Most specifications require that concrete be maintained at temperatures 
in excess of 50 degrees during the curing period. 

•Long-time tests (Fig. 197) indicate that concrete continues to gain 
in strength with age. The rate of increase depends upon the quality of 
the concrete and the moisture conditions surrounding it. This fact is of 
importance in considering the strength of existing concrete structures. 

Concrete is used primarily for resisting compressive stress, and its 
behavior in compression is reasonably reliable and predictable. Quite 

* ‘‘Standard Method of Making and Storing Compression Test Specimens of Con- 
crete in the Field,” A.S.T.M., Serial Designation C 31-39; “Standard Method of 
Test for Compressive Strength of Concrete,” A.S.T.M., Serial Designation C 39-39. 
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the reverse is true of its resistance to tension; hence its tensile strength 
is rarely utilized in design. Concrete is not perfectly elastic even under 
low unit stresses and continues to deform slowly over a long period of 
time under sustained stress.® Stresses caused by fixed loading should 
therefore be kept relatively small. For the purpose of computing prob- 
able values of internal stress and required dimensions of concrete mem- 
bers it is necessary to establish the ratio between unit stress and corre- 
sponding deformations of the material. For so-called elastic materials, 



Fia. 197. Strength- Age Curves for ConcreU^ Cured in Various Manners. 

(From paper, “Some Long Time Teats of Concrete,” by M, O. Withey, J. Am. Concrete Inst., 

February, 1931.) 


such as steel, this ratio (modulus of elasticity) is constant up to the pro- 
portional limit and the stress-strain diagram is practically a straight 
line for unit stresses from zero to the proportional limit. For concrete, 
the stress-strain ratio varies (Fig. 198) and diminishes in value as the 
unit stress increases. The ratio of unit axial stress to corresponding 
unit axial deformation in concrete is called the secant modulus and is 
what is meant when the term modulus of elasticity is used. 

The selection of a proper modulus ^ for use in computations of internal 
stress is a matter which involves careful consideration of all the factors 

* See ‘‘Flow of Concrete under the Action of Sustained Loads,” by Davis and 
Davis, J. Am. Concrete Institute, March, 1931. 

* See “Modulus of Elasticity f(!nd Poisson^s Ratio for Concrete and the Influence 
of Age and Other Factors upon These Values,” by Davis and Troxell, Proceedings 
A.S.T.M., 1929, Part II, p. 678. 
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fuiai ueiormaiion, in. ; ; 
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Lateral Deformation, In. 

Fig. 198. Typical Stress-Strain Curves for a Single Specimen at the Age of Three 

Months. 

(From “Modulus of Elasticity and Poisson’s Ratio for Concrete,” by Davis and Troxell, Pror. 
A.S.T.M., 1929, Part II, p. 684.) 
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relating to the behavior of concrete. Particular consideration must be 
given to such factors as the quality of the (‘oncrete, its age, moisture 
conditions, and magnitude of sustain<'d stress (Fig. 199). 

121 Reinforcing Steel 

Steel is imbedded in concrete for the purpose of carrying tensile 
stresses and the two materials, steel and concrete, must effectively 
cooperate to resist such internal compressive and tensile stresses as may 
be developed in the structure. Steel used for reinforcement may be of 
any convenient form, but, since the surface of the steel is a natural 
cleavage plane, the necessary cooperation between steel and concrete 
will not exist unless there is adequate resistance to the shearing forces 
which may be developed on the steel surfaces; moreover it is necessary 
that the steel areas be well distributed over the tensile stress zones. 
To meet these conditions steel in the form of round or scpiare bars is 
usually preferable. Wire mesh, welded- wire fabric, and expanded metal 
are also all useful products. 

Steel used in the manufacture of round and scpiaro reinforcement bars 
is designated as hiUet steel (A.S.T.JM. Serial Designation A 15-39), rail 
steel (A.S.T.M. Serial Designation A l()-35), or axle steel (A.S.T.M. 
Serial Designation A 100-39). 

Billet steel used in the manufacture of plain, deformed, or cold- 
twisted concrete reinforcement bars may be made by either the open- 
hearth, electric-furnace, or acid-Bessemer process. Bars must be rolled 
from new billets, and rerolled material is not acceptable under this desig- 
nation. Plain and deformed bars are made in three grades, structuraly 
intermediate, and hard. Tension and bend test requirements for billet 
steel are given in Tables 30 and 37. Cold-twisted bars are made from steel 
conforming to the requirements of plain bars of structural grade. Plain 
bars, either round or square, are those with n'latively smooth surface. 
Deformed bars are rolled with rolls which have corrugations of some 
particular pattern. These produce irregularities or deformations on 
the bar surface for the purpose of increasing the resistance to slipping 
of the bar through concrete in which it may be imbedded. While there 
are no prevailing specifications for the character of these deformations, 
it should be noted that usual design allowances assume 25 per cent 
higher resistance to bond (shear on the surface of the bar) for deformed 
bars than for plain bars; the character of the deformation should there- 
fore be such as to justify such increased allowance (see Fig. 200). Billet 
steel is regarded as more reliable than other steels used in the manufac- 
ture of reinforcement bars .and is therefore generally preferred. Inter- 
mediate-grade billet steel is more commonly used than the other grades. 
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Where the reinforcement must be severely bent to meet design require- 
ments, structural grade may be preferred, owing to its greater ductility 
(see Table 37). 

Rail-steel concrete reinforcement bars are rolled from standard section 
T-rails, and material known by the terms rerolled ^ rail-steel equivalent, 
or rail-steel quality is not acceptable. Three classes of bars are made 
from this material, plain, deformed, and hoi-twisted. The tensile and bend 
test requirements for plain bars correspond with those for billet-steel 
plain bars of hard grade; the requirements for deformed and hot-twisted 
bars arc the same as hard-grade deformed bars of billet steel. 

Axle-steel reinforcement bars are rolled from carbon-steel axles for 
cars and locomotive tenders of specified journal sizes. They are either 
plain or deformed and in three grades, structural, intermediate, and 
hard. Tensile and bend-test requirements are the same as for billet steel. 

The Building Regulations for Reinforced Concrete (A.C.I. 318-41T) 
of the American ('oncrete Institute permit the following allowable unit 
stresses in reinforcement. 

(а) Tension. (/, = tensile unit stress in longitudual reinforcement) and (Jv 
== tensile unit stress in web reinforcement) 20,000 pounds per square inch for rail- 
steel concrete reinforcement bars, billet-sUiol concrete reinforcement bars (of inter- 
mediate and hard grades), axle-steel concrete reinforcsement bars (of intermediate 
and hard grades), and cold-drawn steel wire for concrete reinforcement. 18,000 
pounds per square inch for billet-steel concrete reinforcement bars (of structural 
grade) and axle-steel concrete reinforcement bars (of structural grade). 

(б) Tension in one-way slabs of not more than 12-foot span. (/« = tensile unit 
stress in main reinforcement.) For the main reinforcement, f inch or less in diam- 
i‘ter in one-way slabs, 50 per cent of the minimum yield point specified in the Stand- 
ard Specifications of the American Society for Testing Materials for the particular 
kind and grade of reinforcement used, but never to exceed 30,000 pounds per square 
inch. 

(c) Compression, vertical column reinforcement. (/» = nominal working stress 
in vertical reinforcement.) Forty per cent of the minimum yield point specified in 
the Standard Specifications of the American Society for Testing Materials for the 
particular kind and grade used but never to exceed 30,000 pounds per square inch. 

The A.A.S.H.O. Specifications (1944) for highway bridges require all 
reinforcement to be deformed bars made of billet steel of structural or 
intermediate grade made by the open-hearth process. The use of cold 
twisted bars is prohibited. Tensile unit stress of 18,000 pounds per 
square inch is permitted for structural grade steel and 20,000 pounds 
per square inch on intermediate grade steel in flexural members. For 
web reinforcement the allowed tensile stress is 16,000 for structural- 
grade steel and 18,000 pounds per square inch for intermediate grade 
steel. 
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Slip of Bar - Inches 


Curves from Pull-Out Tests. 

Station, University of Illinois.) 


330 REINFORCED CONCRETE BEAMS, SLABS, AND COLUMNS 


The American Railway Engineering Association Specifications (1944) 
for concrete and reinforced concrete railroad bridges and trestles require 
that all steel bars used for reinforcement, and which carry calculated 
stress, shall be of structural or intermediate grade billet steel. Steel 
bars which are used for temperature reinforcement, and do not carry 
calculated stress, may be made of rail or axle steel. These specifications 
permit both plain and deformed bars and define an approved deformed 
bar as one which will develop at least 25 per cent greater bond stress 
than a plain round bar of equivalent cross section. The permitted unit 
tensile stresses are 18,000 pounds per square inch on structural grade 
steel bars and 20,000 pounds per square inch on intermediate- and hard- 
grade steel bars. 

Standard sizes of deformed reinforcement bars ordinarily carried in 
stock order are given in Table 38. 


122 Reinforced Concrete Beams — ^Theory of Flexure 

The analysis of internal stresses in a reinforced concrete beam is 
made in accordance with the accepted theory of flexure and under the 
assumption that the stresses do not materially exceed the values indi- 
cated hereafter as safe working stresses. It is further assumed that all 
tensile stress is taken by the steel reinforcement. It is also customary 
to use the following values for the modulii of elasticity: 

Ec = 1000 fc psi 


Es = 30,000,000 psi 


n 


_ 7, _ 30,000 

— rja/Fjc — ^ 

Jc 


where Ec = modulus of elasticity of concrete. 

Eg = modulus of elasticity of steel. 

/I = crushing strength of concrete at 28 days. 
n = ratio of modulii. 


(217) 


Since the concrete is assumed to carry no tension, steel reinforcement 
must be imbedded in the lower part of the beam to resist the tensile 
stresses induced by flexure. Figure 201 represents a beam with a right 
section xx taken at any intermediate point in the span length. In 
accordance with the accepted theory of flexure, plane sections before 
bending are assumed to remain plane sections after bending. This 
means that unit deformations must be proportional to distances from 
the neutral axis as indicated at h. The unit stresses resulting from these 
deformations are shown at c where it will be noted that the compressive 
unit stresses on the concrete vary from zero at the neutral axis to a 
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maximum at the extreme fiber, in accordance with the assumption of 
constant proportionality of unit stress to unit strain for concrete. At 
the extreme fiber in compression 

Jc ~ 

where Cc = unit deformation of extreme fiber. 

Below the neutral axis the unit stresses produced in the concrete are 
omitted, in accordance with the assumpti()n of zero tensile stress on con- 
crete, and the actual section which resists bending-moment in accordance 



with these assumptions is indicated at d. The steel will have a unit 
stress, 

Jh — Cg/i* 


where = unit deformation of steel. 

From similar triangles (Fig. 2016), 

^d 

^'8 J 8^ c Js d kd 


(218^ 


The loads, reaction and unit stresses acting on the part of the beam 
on one side of the given section, constitute a force system in equilibrium 
and must fulfill the geneial conditions for static equilibrium, = 0 
and 271/ = 0. The shear on the section is for the present omitted as it 
will be made the basis of a special stress determination; therefore (Fig. 
201c) 

^ M 

C ^ T ^ -- (219) 

where 

M = Cjd = Tjd 


where C = total resultant compressive force on concrete. 
T = total resultant tensile force on concrete. 

M = bending-moment. 
jd = lever arm of couple CT. 



332 REINFORCED CONCRETE BEAMS, SLABS, AND COLUMNS 


It will be observed that the effective section shown at d is the same 
as one which might have been taken through a cracjk in the lower part 
of the beam. 


123 Reinforced Concrete Beams — ^Transformed Section 

The actual determination of the location of the neutral axis and 
calculation of the values of unit stresses, or the safe resisting moment, 
can most readily be accomplished through the medium of the trans- 
formed section. This is an imaginary cross section obtained by substi- 
tuting an imaginary material for the steel area. This material is assumed 
to have the same modulus of elasticity as the concrete, and the substi- 
tution must be made in such a manner as not to disturb the internal 
stress relationship outlined in Article 122. The comparison of the actual 
and transformed section is shown in Fig. 202 where it will be seen that 
the transformed section at b is obtained by replacing the steel area with 
the imaginary area nAg] the unit stress on this imaginary area is 


and from Equation 218, 


/' = esE, = 


f>Ec 

E, 


M 


d-kd S' 


fs 

n 


( 220 ) 

( 221 ) 


This shows that line ab (Fig. 2026), indicating the stress distribution 
across the section, is a straight line such as would be found for a homo- 
geneous beam. In accordance therefore with the laws of internal unit- 
stress distribution developed for homogeneous beams, the neutral axis 
must coincide with the centroid of the transformed area, and the statical 
moment of the compressive area with respect to the neutral axis ec^uals 
the statical moment of the transformed tensile area with respect to the 
same axis. Moreover, the resisting moment of the section may be 
expressed as follows : 


Ms = Tjd 


n 

d — kd 


fs l 

n{d — kd) 


( 222 ) 


Me = Cjd = 

kd 


(223) 


where Mg = resisting moment based on unit stress in steel. 

Me = resisting moment based on unit stress in concrete. 

I = moment of inertia of transformed section. 

For sections of irregular outline, the determination of the location of 
the neutral axis and value of the moment of inertia of the transformed 
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section is a somewhat complicated matter. For such sections a semi- 
graphical solution may be made as follows: The transformed section is 
determined as outlined above and as indicated in Fig. 203. Line AB is 
laid off to scale representing the distance d. Curve .dC is plotted with 


Rectongular Beam 

With Notch on Compressive Side = 3 X 0*6 = I 

BM = 480000 ••# M = 15 



Actual Section Transformed 

Section 


*£ + ^ I g ~ ^1' =27(18-;/) 

f + ;/■' —*!l + 4 = 486 — 27,, 

5 //■•* + 23 ij = 482 

iji + 4.6 »/ + (2.3}* = 96.4 -|- (2.3)* =101.69 
y + 2.3 = 10.1 
y = 7.8- 

Moment of Inertia (Transformed Section) 

Concrete: 8 X (7.8)* X '/3 = 1265 

2 X (5.8)* X '/3 = 130 
27 X (10.2)* = 2810 

4205 in.^ 

480000 X 7.8 g^Q 

4205 

-^■00Q0.X = ,7400 #/□•• 

4205 ' 

Fig. 20,5. 

intercepts representing the statical moment of areas X with respect to 
their bases mn. This is done by assuming succe^ssive locations for mn, 
dividing the corre^sponding area X into areas of convenient geometric 
form and computing the sum of the moments of these areas about mn. 
Line BC is drawn to represent the equation 2/2 = nA^x. The neutral 
axis will then be located at C, the intersection of curve AC with line 
BCf and the distance kd may be scaled. It should be noted that for 
steel in more than a single layer the line BC will be a broken line with 
2/2 representing the sum of the moments of transformed steel areas about 
a given point in the depth. The moment of inertia of the transformed 


Tronif. Stool 
/ = 

Unit Strosiof 

/c = 
/.= 
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section will be the area ABC with intercepts y scaled as statical moments 
and distances along AB scaled in inches. 

For rectangular shaped beam s^^^'tions it is easier tu locate the neutral 
axis, by equating the statical moment of the area in compression to the 


T-Beom 

Determine Safe B.M. 
w = 12 

Allowable Working Stresses: 


/c»IOOO 

A* 20000 



Actual Section 


Location of N.A. 


20// 2 
2 


2X5X(?/-4)2 
2 


= 36(17.1 — .V ) 


10//*— 5i/-' -f ^// — 80 = 615.6 — 36v 
5i/* + 761/ = 695.6 

?/«+ 17.2,/ + (8.6p= 139.12 + (8.6)-= 213.08 
,/= 14.6 — 8.6 = 6.0" 

(Assumed transformed section it correct since >/ > 4") 


Moment of Inertia 


Concrete 20 X (6)^ X 'A = '440 

deduct 10 X |2)’* X '/3 = 27 

1413 

Trans. Steel 36 X 4 440 

/ = 5853 in.< 

Resisting Moment 

* w '000 X 5853 
Concrete Ma = ^ = 975000 ♦ 


Steel 


Ah = 


jg?09XS853_ 
I2XH.I — 


Safe B.M. (is determined by Steel) == 877000"# 

Fig. 206. Safe Ixtad for lleinforced Concrete T-Beams. 


statical moment of the transformed steel area. Typical solutions of 
such beams are shown in Figs. 204, 206, and 200. 

124 Bond Stress 

The bond stress on the reinforcing steel is the shear developed on the 
surface of the bars due to changes in tensile force in the length of the 
bar. Thus for two successive sections (Fig. 207) a differential distance 
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apart, assumed as unity, the bending-moments will in general differ in 
magnitude and from Equation 219 



The building regulations of the American Concrete Institute (AC I 
318-41) permit an increase in the allowable shear and bond stress when 
special anchorage of the longitudinal steel is provided. To meet the 
requirement for special anchorage, every bar must be terminated in a 
standard hook in a region of compression or else bent across the web at 
an angle of not less than 15 degrees with the longitudinal portion of the 
bar and made continuous with the negative or positive reinforcement. 
A standard hook means either (a) a complete semicircular turn with a 
radius of bend on the axis of the bar of not less than 3 and not more than 
6 bar diameters at the free end of the bar, or (6) a 90-degree bend having 
a radius of not less than 4 bar diameters plus an extension of 12 bar 
diameters. 

This difference in force must be resisted by the unit shear stresses or 
bond on the surface of the reinforcement; hence 



^ojd 


( 226 ) 
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where tu == unit bond stress in pounds per square inch. 
V = total vertical shear on the given section. 

So = sum of perimeters of the bars. 
jd = lever arm of the internal couple, CT. 


From Equation 222, substituting T — gives 




/ 

nAa{d — kd) 


(226) 


Thus for the beam in Fig. 204, the bond stress on the reinforcement 
at a section where the vertical shear is 12,800 pounds would be com- 
puted as in the following example. 


Example 


V = 12,800 lb 


d-kd 

nAa 

I 

jd 

So 

XL 


10.45 in. 

27 sq in. 
4395 sq in. 


4395 


= 15.5 in. 


27 X 10.45 
3 X 2.749 = 8.247 in. 
12,800 


8.247 X 15.5 


= 100 psi 


When the compressive area is rectangular as in Fig. 204, C is located 
at the center of gravity of the triangular stress distribution in compres- 
sion, and 

jd = d - ^kd (227) 


For irregular-shaped compressive areas, such as are represented in Figs. 
205 and 206, the value of jd is obtained from Equation 226. 


125 Shear and Diagonal Tension 

The intensity of the horizontal shearing stress at any point in the 
depth of a beam may be computed from the general formula developed 
for homogeneous beams, using the transformed section. The intensity 
will be maximum at the neutral axis, and, noting that the statical mo- 
ment of the area on the compression side about the neutral axis equals 
the statical moment of the transformed steel, with respect to the neutral 

VnA.jd - kd) V 
Ib bjd 

where b = breadth of beam at the neutral axis. 


( 228 ) 



338 REINFORCED CONCRETE BEAMS, SLABS, AND COLUMNS 


As established in the accepted theory of flexure, the intensity of 
vertical shear on any element of a beam equals the intensity of the hori- 
zontal shear determined by Equation 228. At the neutral axis these 
shearing stresses will induce diagonal tension stress in the material (P"ig. 
208) which will be inclined at 45 degrees to the horizontal and equal in 
intensity to the horizontal shear stress. In ac- 
cordance with the assumption of no flexural stress 
on concrete below the neutral axes, this diagonal 
vx Unity tension stress will remain constant over the lower 

part of the beam. Above the neutral axis, 
particles of concrete are acted upon by a com- 
"vxun^ pressive unit flexural stress in addition to the 

Fig. 208. horizontal and v'ertical shear stresses, and the 

direction and magnitude of diagonal tension 
stress will vary accordingly. This variation in stress is, however, not 
computed, and it is assumed that the diagonal tension stress computed 
at the neutral axis exists over the entire section. To take care of diag- 
onal tension stresses, steel reinforcing must be arranged either in a 
vertical or inclined position so that it will traverse all diagonal planes 
on which such diagonal tension stress may exist. (Contrary to the 
assumption made in connection with flexural stresses, the concrete is 




Fig. 209. 


allowed to carry part of the diagonal tension stress, the remainder being 
cared for by the steel reinforcement. 

For the arrangement shown at a in Fig. 209 the total tension on in- 
clined bars B would be determined as follows : 


T = 


(v — 
sin 45® 


fvA y 


(229) 
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where v' = diagonal tension unit stress allowed on the concrete. 

h = breadth of beam at the section corresponding to the location 
of bars B. 

s = spacing of bars in the span. 

/y = unit tensile stress on steel bars. 

Ay = total steel area in width h. 


When the inclined bars are at angle c\ to the axis of the beam, the 
total tension is computed by the following formula 

(v — v')bs 

r = ^ ^JyAy (230) 

sin a + cos a 


For the arrangement shown at h in Fig. 209, the total tension in the 
vertical bars is the component of the diagonal tension on the area 
6*6/sin 45°; hence 




{v — l/)lhS 
sin 45~ 


sin 45° 


= {v — r')h}i = fyAy 


(231) 


For more (complete details and discussion of web reinforcement the 
reader is n4*erred to standard textbooks and reference books on rein- 
forced concrete; also to standard specifications such as the ‘‘Building 
Regulations for Reinforced Concrete’' adopted by the American Con- 
crete Institute. Typical web reinforcement computations are sho\\Ti in 
Figs. 217 and 218. 


126 Design of Rectangular Beams 

Working stresses in reinforced concrete building construction as 
recommended in the Building Regulations for Reinforced Concrete of 
the American Concrete Institute (ACI 318-41) are given in Table 39. 

While it would be possible to determine the required section and 
arrangement of reinforcement in a concrete beam from the general 
relationships stated in Articles 122 and 123, these can, for a rectangular 
section, be expressed in more convenient form for practical use. In the 
expressions which follow, it should be clearly understood that they are 
applicable only to beams having a rectangular cross section in com- 
pression, and in general they cannot be used for any other type of 
section. 
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Fig. 210. 
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In designing a concrete beam, the bending-moments and shears are 
computed in the usual way with proper allowance, assumed in the load- 
ing, for the weight of the beam. The computaticiis ar*i therefore sub- 
ject to adjustment when a more accurate estimate of the weight of the 
beam is available and the design is on this account one of successive 
approximations. Materials of suitable quality are then decided upon 
and the allowable working stresses established. If it is assumed that the 
concrete and steel will be simultaneously stressed to these working 
stresses, the normal steel ratio p is 
obtained from Equation 239. Corre- 
sponding values of k and j are com- 
puted from Equations 234 and 235. 

The values of p (normal), ky and 
corresponding value of K are all con- 


4 


Min. 

Min. 


Fig. 211 . 

stant for the given materials. The value of d is obtained from 
Equation 238 or 241 by assuming practical values for b and computing 
the corresponding values of d. Values of b should be chosen with proper 
consideration for the economy of form construction and in conformance 
with limitations imposed by the supporting construction at the ends of 
the beam; sufficient width must be provided to enable the bars to be 
arranged without crowding and to furnish sufficient section for shear or 
diagonal tension resistance. Beam forms are usually made with longi- 
tudinal planks which form the bottom and sides (Fig. 211) and in gen- 
eral, maximum overall economy of forms and of concrete will be obtained 
when the width is approximately six-tenths of the overall depth of the 
beam. 

Tables and diagrams can be prepared from the foregoing design 
formulae and are useful aids in the computing work. Table 40 gives 
values of p, A:, j, and K for various commonly used combinations of unit 
stresses. 

The value of d finally selected should be based on making the overall 
depth a practical dimension (preferably in |-inch variations) sufficient 




b = Diam. of Round Bar or 
Side of Square Bar 
(Not Less Than 1 ") 

Fig. 212 . 
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to allow for proper imbedment of the steel. The area of steel required 
is computed from Equation 233, using the normal value of p and the 
theoretical depth; it may also be computed from the formula 


As 

where d = theoretical depth. 


M 

fjd 


Bars are then selected to furnish this area in conformance with the 
required spacing of reinforcing bars (see Fig. 212). Finally the shear, 
diagonal tension, and bond stresses are checked and such adjustments 
made as may be indicated by these computations. 

A typical design of a rectangular beam is given in Fig. 213. 
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The formulae derived for the design of rectangular beams may also 
be used for analysis of stresses in an existing beam. Here, however, 
Equation 239 cannot be used since the simultaneous stresses in steel 
and concrete are unknown, and therefore Equation 233, which expresses 
the actual value of p, must be employed. Values of k and j are then 
obtained from Equations 234 and 235, and the unit stresses in concrete 
and steel obtained from Equation 240. The safe resisting moment 
determined separately for the concrete or for the steel may be deter- 
mined from Equation 240 as follows: 

Me = hfckjbd^ 

where Me = safe bending-moment based on strength of concrete. 

Ms — safe bending-moment based on strength of steel. 
fc = safe working stress in concrete. 
fs = safe Avorking stress on steel. 

As, k, J, bj and d are actual values for the given beam. The smaller 
of these two resisting moment values will control the value of the safe 
load. 

Design C4iarts VI and VII are useful in determining unit stresses in 
rectangular beams. These are used by locating a point on the chart 
from the computed values of M/bd^ and p, and the corresponding simul- 
taneous stresses in compete and steel determined by interpolation 
between the curves uliich arc shown for the various values of /« and fc- 

127 Solid Slabs — One-Way Reinforcement 

A solid reinforced (;oncretc slab with one-way reinforcement is essen- 
tially a wide shallow beam. Such slabs are frequently used for floors 
and to support distributed loads over area openings. The analysis or 
design of such slabs is based upon the same principles and relationships 
as have been previously outlined for rectangular beams. It will usually 
be found convenient to assume the slab divided into parallel strips and 
to consider each strip as constituting a rectangular beam carrying its 
prorated share of the loading. When the slab carries a uniformly dis- 
tributed loading it is convenient to assume these strips as 1 foot 
(12 inches) in width, and then the load per lineal foot on a beam strip 
will equal the uniform load per square foot on the slab. The reinforce- 
ment may not be evenly spaced in these 1-foot strips, since there is no 
actual physical division, and the amount in any one strip is assumed 
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to equal the total area of steel in the entire slab width, multiplied by 
the ratio of the strip width to the slab width. The modifications which 


Safe Load on Solid Slab 

Span 14* — Oin. Simply Supported 

Slab thickness 8I/4'' 

Reinforcement 9" cts. — Deformed Bars 

Bottom of Slob to center of bars =: 

Allowable unit stresses: 

w = 15; /s = 16000; /c = 800; v = 40; it = 100 


For each 12" of slab width: 


Neutral Axis | 


n 

A 



•^@9" Centers 11/4" + 


A„=z = 0.585a" 

n>ls = l5 X-585 = 8.8n" 

= 8.8 (7 - y ) ; 


y= kd = 2.56" 

jd = 7 — 1/3(2.56) = 6.15" 

Max. Safe B.M. 

/ of Concrete above N. A. = 12 X (2 56)“ X 1/3 = 67 

I of Tronsf. Steel Area = 8.8 X (4.^)“ = 174 

I of 12" strip— Tronsf. Section = 241 


== gPQ ^ = 75300"# for 12" width of slob. 

2«56 


= 58000"# for 12" width of slob. 

.'.Mok. Safe B. M. = 58000"# 

Max. Safe Shear — (for 9" width of slob) 

Based on Diagonal Tension = 40 X 9 X 5.15 =: 2210# 
Based on Bond = 100 X 2.356 X 6.15 = 1450# 
Max. Safe V =: 1450# 

Safe Total Distributed Load 

Based on Shear = = 277#/a’ 

Mox. Safe Total Load = l97#/a' 


Safe Live Load 

Safe Total Lood = I97#/D' 

Wt. of Slab = X ISO _ ,^3 

Safe Live Load = 94#/D' 

Fig. 214. Safe Load on Solid Slab. 

for convenience may be made in the formulae previously given for rec- 
tangular beams are as follows: 


d = 


A. = 


4 


2M 


I2kjf, 

12pd 



12a, a, 
A, pd 


(242) 

(243) 

(244) 
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whefe d = distance from top of slab to center of steel. 

Ag = area of steel per foot of slab width, 
s = spacing of parallel reinforcement bars in inches. 
a« = area of one bar. 

DESIGN OF SOLID SLAB 

Data: Span 16'— 0" • Simply tupported 
Live Lood 150#/^!' 

Allowoble unit sti <•%% 

fc -i.ooo#/o** 

fs = 20,000 #/□■• 
n = 12 
V =50 
u - 125 

Design for Flexure: 

Assume ♦ = 6" D. L. == 7S^/^‘ 

L L = ISO 

Tolol = 225#/D‘ 

Mox. B. M. {12" strip) =r 225 X 16 X 16 X '/| X 12 = 86400"<l^ 

From Tables: 

Required p = 0.0094 
k = 164 

Concrete protection = I (to center of bar) 
t zzzTT 

Revised 0. L ( / = 8) = iOO 
LL. = 150 

Total 250 

B. M =-|||-X 86400 = 96000"# 

Concrete Protection I" 

#= 8 " 

Reqd. As = .0094 X 6.98 X >2 = 0.79 
Use bars (g) 41 / 2 ” cts. 

Check for Shear 

Mox. End Shear |4«/2" strip) = ^ x ^'/j X 16 X 'A = 750ff 

j = 0.875 (Table 35) = 6. 1 3” 

f = 27#/n" (Allowed t> = 50# □") 

4.5 X 6.13 ' ' 

Check for Bond 

Assume no bars bent up 

“=i:9fe3= 

Adopted Design 

8" Slab I d = 7") 

*/j"4 bors (g> 4 ^/ 2 " cts. 

Fig. 215. Typical Design Computations — Solid Slab. 

Design Chart VIII may be used to determine the required spacing of 
bars to produce a given value of Ag. 
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The bond stress may be computed from Equation 225, using the shear 
on a strip of width equivalent to the spacing of bars. In making this 
computation, the following values are substituted for V and So in Equa- 
tion 235. 

y = — X (vertical shear computed for i2-in. strip). 

12 

So = perimeter of one bar. 

It is preferable to use relatively small bars in order to provide well- 
distributed reinforcement. Bars should be protected by at least f inch 
of concrete and should be spaced not further apart than 3 times the 
thickness of the slab nor closer together than 2^ times the dianuiter 
or side of the bar. A typical computation of the safe live load on a solid 
slab is given in Fig. 214. The design of a solid slab is illustrated in 
Fig. 215. 


128 Reinforced Concrete T-Beams 

In ordinary building construction, the concrete in floor slabs, beams, 
girders, and columns is usually placed in such a manner as to make the 
entire construction as nearly monolithic as possible. The slab reinforce- 
ment extends across the tops of the beams and is arranged to provide 




Maximum b s 
Maximum Ojs 

Maximum 


H Span length of beam 
( Clear distance between beams 
XBt 

i K'tSpan length of beam 

Clear distance between beams 
6t 


Fig. 216. Reinforced Concrete T-Beams. 


for resisting the negative moment at the points of support. The con- 
crete at the junction of slab and beam serves in a dual capacity, carrying 
stresses at right angles to the beam as a part of the slab and also forming 
the upper or compressive portion of the beam. The effective cross 
section of the beam will therefore include parts of the adjoining slab, 
and th^ dimensions of the beam for purposes of analysis are determined 
in accordance with the accepted standards indicated in Fig. 216. Build- 
ing ordinances of cities may require the use of dimensions at variance 
with those indicated. 
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Reinforced Concrete Beam and Girder Construction. 
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For solid-slab construction, the flange width is assumed as wide as 
the foregoing limitations will permit, since there is no physical division 
between the beam flange and the slab. In ribbed-slab construction. 


WEB REINFORCEMENT 
Doto: 

T-B«om — 12" X 27" — Spon 24* - 0" 

Uniform looding (fixod) V = 300004 
Non* of main bars to bo bonf up 
Worinng Strossoi: 

/. = 16000: It = 100; Vz= 120: v's 40 
jd = 21.6" 

Mox. Diogonol Tension Sfreis = . ■ = 1 164/D'* 

12 X 21.6 



Max. allowed spocing of vertical stirrups = I /2 X 24 = 1 2" 
Diagonal tension carried by stirrups: 


Spacing 12" 

Spacing 10" 
Spacing 8" 
Spacing 7" 
Spacing 6" 
Spacing 5" 
Spacing 4" 


: X 0.22 ^ 254/n" 

12X12 

: 12/10 X 25 = 294/D** 

12/8 X 25 = 374/n * 
: 12/7 X 25 = 434/n" 

: 12/6 X 25 = 504/D ' 

: 12/5 X 25 = 604 /□» 

12/4 X 25 = 754/D" 



Fig. 217. Web Reinforeement, Rcnnforced Concrete T-Beam, Vertical Stirrups. 


the width of solid slab necessary to form the T must be determined, 
and this will establish the location of the ends of the tile or steel-pan 
forms which shape the ribs of the slab. 

When the dimensions and reinforcement area of a T-beam have been 
established, the flexural stresses or resisting moment may be computed 
by using the transformed section as discussed in Article 124. 

It should be noted that, when the neutral axis of the section is in the 
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flange (kd ^ 0, the analysis is the same as for a rectangular section, and 
the same design procedure may be followed. When the neutral axis is 
below the flange (kd > t)^ the design formulae used for rectangular 


WEB REINFORCEMENT 

Data: 



Diog. Teni. corriad by Stirrups @ 12" Spac = ~ 25#/Q" 


8" Spec = 12/8 X 25 = 37#/D" 

6" Spac = 12/6 X 25 = 50#/D" 

Fia. 218. Web Reinforcement, Reinforced Concrete T-Beam, Inclined Bars and 

Vertical Stirrups. 

beams will not be applicable and special formulae based on this condi- 
tion must be employed. For such formulae, the reader is referred to 
standard textbooks on reinforced concrete. 

The width of stem 6' must be sufficient to provide adequately for 
spacing the reinforcing steel, and the stem section h'h must be sufficient 
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to resist the shear and diagonal tension. The approximate steel area 
required for bending-moment may be obtained closely by assuming 
j s i, from which 

8M 

4, = — (approx.) (245) 

7 /, 

The diagonal tension stress (over the section b'h) is 

V SV 


V = 


b’jd Ib'd 


(approx.) 


(246) 



Roor Finish 1" Granolithic 

Ceiling Three Coat Piaster 

Exterior Walls 8 ''Brick 

Story Height la'-O" (9 '-0" Clear) 
Uve Load 350#/n' 

Concrete 2000# at 28 days 

Steel Deformed Bars 

Structural Grade 

Fig. 219. Framing Plan. 


Typical computations of web reinforcement in T-bcams are shown in 
Figs. 217 and 218. The design of a solid slab, beam, and girder floor 
panel is shown in Figs. 219, 220, and 221. 


129 Reinforced Concrete Coltunns 

Reinforced concrete column construction is generally confined to 
short columns where the compressive resistance of the concrete controls 
the strength of the column. ^The Building Regulations for Reinforced 
Concrete^' of the American Concrete Institute (ACI 318-41) specify 
that “principal columns in buildings shall have a minimum diameter 
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Beam B2 at G1 



Fia. 220. 
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Beam B2 at G3 



Max. Negative B. M. 1536000*# 
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of 12 inches or rectangular columns, a minimum thickness of 10 inches 
and a minimum gross area of 120 square inches; posts that are not con- 
tinuous from story to story shall have a minimum diauieter or thickness 
of 6 inches.” Short columns are defined as those whose unsupported 
length does not exceed 10 times the diameter or least lateral dimension 
of the column. The two principal types of reinforced concrete columns 
are referred to as tied columns and spirally reinforced columns. 

Tied columns may be round, square, lectangular, or of any desired 
cross section and are reinforced with not less than four bars at the 
corners and evenly spaced around the periphery of the column; in addi- 
tion lateral ties are placed at specified intervals in the length of the 
column to tie in and brace the longitudinal steel (see Fig. 222). 



Spirally reinforced columns, are those in which closely spaced spirals 
enclose a circular core (Fig. 223), which is reinforced with longitudinal 
bars. To qualify as a spirally reinforced column in accordance with the 
above noted building regulations, there must be provided not less than 
six vertical bars with a minimum diameter of f inch to provide an area 
of not less than 1 per cent or more than 8 per cent of the gross area of 
the column section. The spiral reinforcement must consist of evenly 
spaced continuous spirals held firmly in place and true to line by at 
least three vertical spacer bars. The required ratio of the volume of 
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spiral reinforcement to the volume of the concrete core (out to out of 
spirals) is as follows: 





(247) 


where Ag = gross area of column section 

Ac = area of core of spirally reinforced column, measured to the 
outside diameter of spiral. 

fs = useful limit stress of spiral reinforcement to be taken as 
40,000 psi for hot-rolled rods of intermediate grade, 50,000 
psi for rods of hard grade, and 60,000 psi for cold drawn 
wire. 


The center-to-center spacing (pitch) of spirals must not exceed one- 
sixth the core diameter, and the clear spacing between spirals must not 
exceed 3 inches or be less than inches or 1 ^ times the maximum size 
of coarse aggregate used. 

The value of the spiral steel ratio, in terms of the size of spiral bar, the 
pitch of the spiral, and the diameter of the core is expressed as follows: 

volume of spiral bar for one turn 
volume of enclosed core for length « 

= a.irD/ixDh = 4a,/D, (248) 


where D = diameter of core, out to out of spiral. 
a« = area of section of spiral bar. 
d = diameter of spiral bar. 
s = spacing or pitch of spiral. 


The required pitch of a given-sized diameter of spiral bar then equals, 

Trd^ 




p'D 


(249) 


Since there is no bending in a short column, the stresses produced by 
axial loading are uniformly distributed over the section, and 


P ^fcAg +f,A, (250) 

where P = total axial load on column. 

Ag = gross area of concrete in cross section. 

Ac = area of longitudinal bars in cross section. 
fe == unit stress on concrete. 

/a = unit stress on longitudinal steel. 
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Assuming that the steel bars are properly bonded to the concrete so 
that their deformation is the same as that of the concrete, the unit 
deformation of concrete, fc/Ea equals the unit deformation of steel, 
fs/Es, and, 

Es 

fs “ fc ~ — w/c 


Substitute this value of /« in Equation 250 and note that 


Ac — Ag As 
P = fc(Ag - As) + nfcAs 
== fc[Ag + {n •— l)Ad 




P 

Ag (n — l)As 


(251) 


In accordance with the previously quoted building regulations, the 
safe load on axially loaded short spirally reinforced columns is given 
by the following formula: 

P = A,{0.225f',+f,p) (252) 


where P = safe axial load. 

Ag — gross area of column section. 

fc = compressive strength of concrete (crushing strength at 
28 days). 

fa = 13,200 psi for structural-grade steel, 10,000 psi for inter- 
mediate-grade steel, and 20,0(X) psi for hard-grade steel. 
p = ratio of the effective cross-sectional area of the vertical 
reinforcement to the gross area A. 


The safe load on tied columns is 80 per cent of that given by Equation 
248. The steel ratio p to be considered in tied columns shall not be less 
than 0.01 or more than 0.04. (In other words, the steel is neglected if 
p is less than 0.01 and is never to be taken greater than p = 0.04.) In 
a spirally reinforced column this ratio must be at least 0.01 and never 
taken greater than 0.08. 


130 Design of Tied Columns 

For the purpose of designing short tied columns to carry axial loading, 
a factor of 80 per cent is applied to Equation 252, and 


f=~ = 0.8(0.225/: +/.P) 

Ai 


( 253 ) 
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where / = allowable working stress on gross area of column. 

{fc and /a are given values in accordance with provisions of Article 
129.) 

For such columns the allowable working stress and also the correspond- 
ing required value of Ag depend on the percentage of vertical steel, and 
in accordance with the AC I regulations the value of p must lie between 
0.01 and 0.04. The main purpose in using longitudinal steel is to give 
additional toughness and resilience to the column; the steel will, in 
general, work inefficiently as regards compression since its stress cannot 
exceed n/c. Usually, therefore, a minimum of longitudinal steel will 
be used except where the column size is limited or when it is desired to 
produce a size to meet framing requirements. The design procedure is 
as follows: Calculate the value of the axial load including an allowance 
for the weight of the column. Assume a value for p (usually 0.01), and 
determine the allowable / from Equation 253. When intermediate grade 
steel is used. Equation 253 reduces to the following form : 

/ = 0.180/' + 16,000p (254) 


The required area and reinforcement of column section are then deter- 
mined from the relationships Ag = P/f and As = pA, and practical 
dimensions and bar sizes are selected in accordance with these require- 
ments. If it is necessary or desirable to make the column conform to 
given outside dimensions, the required value of p may be obtained from 
the following equation, which is derived from Equation 254. 


P/A, - 0.18/: 

10,000 


(255) 


Tied columns must have lateral lies which are at least inch in diam- 
eter and which are .spaced at not over 16 vertical-bar diameters or 48 
tie diameters or the least dimension of the column. 


131 Design of Spirally Reinforced Columns 

This type of column is more reliable than the type with lateral ties 
and hence is preferred for important loads. In the design of a spirally 
reinforced column, the steel ratio p for vertical steel is assumed at a 
value between 0.01 and 0.08, and the value of A g is determined from 
Equation 252. The outside dimensions or diameter of the column is 
then established in order to produce this gross area, and the core diameter 
is fixed in order to provide suitable protection for the steel. To con- 
form to the requirements of the ACI Building Regulations (ACI 318-41), 
the column reinforcement must be protected everywhere by a covering 
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of concrete cast monolithieally with the core and with a thickness of 
not less than in. or 1^ times the maximum size of the coarse aggre- 
gate. This protective covering determines the diameter of the core, 
and the required ratio of spiral reinforcement is then found from Equa- 
tion 247. The required size of the spiral bar and its pitch are then 
computed from Equations 248 and 249. It will be found convenient 
to assume the pitch at a suitable value and then to compute the required 
value of .4, from Equation 248. The nearest size diameter of spiral 
bar is then substituted in Equation 249 to determine its required pitch. 


PROBLEMS 




12- 


12*3 Given: the reinforced concrete beam section shown. 

*13" 



/c » 1200 psi 


* 

ro 

T 



'•.t. . . . •• y. 



/« « 18,000 psi 

A-. .7’ ' 




n s* 10 


o 

<NJ 

Find distance of neutral axis from top surface and the resisting 



moments as controlled by the steel and concrete. 


— 


M bars 
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12*4 A reinforced concrete beam of the section shown contains four bars, each 
1 in. square. This beam is required to carry a total maximum bending-moment of 
125,000 ft-lb. (a) If n =* 15, what are the maximum fiber stresses in the steel and 



(ronerete? (b) What is the maximum total tension on the steel bars? (r) What is 
the maximum total compression on the concrete? (d) What is the intensity of bond 
on the steel at a point where the shear is 25,000 lb? 

12*6 Determine the maximum safe resisting moment of reinforced concrete 
beam, the cross section of which is shown in the sketch. 

n = 12 

fg = 20,000 psi 

fc = 1,000 psi 


. 4- . .6V. 

r 





_i 

'v - . 

■ ’f 
f 

•• » 

r 9. 

• . • r. . 


« i 

CO 



. . 

^ #■ 

Ak 

-r- 

> - A ■ 

■•A • 

^ A. • 
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A 

rA 

-.-a' ’• '“‘.’ a’.- 

i' 

. A 

rf. fH ftl • 

axis . 

5 




■4 barsKD 
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12 • 6 A duct 6 in. square runs lengthwise in a concrete 
beam as shown. Allowable stresses same as Problem 12*5 

(а) What is the safe resisting moment of the beam? 

(б) What is the maximum intensity of shear at a point in 
the span where V = 10,000 lb? 


12 ‘7 Given a beam with cross section as shown. 
Using specifications ACI 318-41, fc =» 3000 psi, and in- 
termediate grade steel, find the maximum permissible 
positive bending-moment. 



12-8 Find the maximum permissible negative bending-moment for the beam 
given in Problem 12-7. 

12*9 Determine the safe resisting moment of this section using transformed stu;- 
tion method if the allowable fiber stresses are 

n * 12 

fc * 1000 psi 
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12 • 10 (a) What area of 

tension steel is required for the 
reinforced concrete beam 
shown in order to have the 
theoretical position of tlie neu- 
tral axis 12 in. from the top? 
Use n = 16 and the trans- 
formed area method. (6) If 
the allowable unit stress in the 
steel is 18,000 psi and in the 
concrete 800 psi, what is the 
maximum safe resisting mo- 
ment? 



12-11 Allowable stresses: 

— 1000 psi 


= 20,000 psi 


n = 12 


(a) What is the safe resisting moment of this section? (6) What is the maximum 
intensity of shear at a point in the span where V — 100,000 lb? 


60 ' 
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12*12 Determine the maximum safe resisting moment and the maximum safe 
vertical shear for the rectangular reinforced concrete beam section shown. Allow- 
able stresses: 

fc * 1200 psi 

fs * 20,000 psi 
t; “ 60 psi 
n = 10 



12*13 The reinforced concrete beam shown is simply supported on a .span of 
20 ft. It is reinforced with four 1-in. diameter round bars. Determine the safe 
live load per lineal foot of span based on flexural stresses not to exceed 

/, =» 18,000 psi 

fc - 700 psi 

n « 15 



12*14 A rectangular reinforced concrete beam is to be designed to carry a total 
uniform load (includes its own weight) of 1800 lb per ft over a simple span of 18 ft. 
If the allowable stresses arc the same as in Problem 12 *12, calculate the depth re- 
quired for a 12-in. width and the number of 1-in. round bars required. 

12*16 /5 =» 3000 psi; intermediate-grade steel; and ACI Specification 318-41. 
A rectangular beam is 15 in. wide and 24 in. effective depth and carries a bending- 
moment of 2,200,000 in.-lb. If six bars are used, all the same size, for reinforcing the 
tension side only, what size must they be? (h) What is the maximum transverse 
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shearing force which this beam will carry as limited by bond and by diagonal tension 
if no stirrups are used? The bars are not hooked at the ends. 

12*16 A rectangular reinforced concrete l)eam must resist a bending-moment of 
2,000,000 in.-lb. The overall depth of the beam is fixed at *^0 in. Determine the 
width, h, and the area of steel, A*, which would be required to produce a balanced 
beam design. 

n = 12 

/, = 20,000 psi 
fc = 1000 psi 

12*17 A reinforced concrete floor slab is simply supported over an opening of 
12 ft. The slab is 8 in. thick and is reinforced with J-in. round bars at 5-in. spacing, 
located l| in. above the bottom of the slab. Based on n = 15 and allowable unit 
stresses of 16,000 psi in steel, and 650 psi in concrete, what safe live load (lb per sqft) 
may be placed on this slab? 

12 • 18 Design a simply supported slab to carry a live load of 150 lb per sq ft over 
a span of 10 ft if the allowable filler stresses are the same as in Problem 12-17. 

12 • 19 Design a square tied column 20 ft long, to carry an axial load of 215,000 lb. 
Make a free-hand sketch showing arrangement of steel. Use specifications ACl 
318-41. 

12*20 Use ACI Specifications 318-41; fc - 3000 psi; and intermediate-grade 
steel. Design a square tiiid column to carry an axial load of 290,000 lb, and to occupy 
minimum amount of space. The column is 12 ft long, (a) What is the minimum 
outside dimension, avoiding fractions of inches? (b) What is the minimum required 
number of Ij-in. 8(|uare bars which may be used? (c) Make a free-hand sketch 
showing the size, spacing, and arrangement of ties to meet the minimum requirement 
of the specifications. 

12*21 A spirally reinforced square concrete column is required to carry an axial 
loatl of 650,000 lb. The column is 28 ft long. Use cold-drawn steel wire for the spiral 
reinforcement. Design the column in accordance w’ith the ACI Specifications (318- 
41). fc = 2500 psi. (a) What is the outside dimension, avoiding fractional inches? 
(6) What is the required pitch of the spiral wire, using No. 7/0 wire and the minimum 
permissible thickness of concrete outside the spiral wire? (c) What is the required 
number, size, and spacing of longitudinal bars? Compare with minimum specifica- 
tion requirements, using intermediate-grade steel. 

12*22 A spirally reinforced concrete column is 36 in. in diameter and is reinforced 
with 12 bars each 1 in. square. The spirals are protected by a covering of concrete 
2 in. thick. Ixmgth equals 12 ft. (a) What is the maximum allowable axial load? 
(6) Determine the required size and pitch of spiral reinforcement, making the spirals 
of cold-drawn intermediate-grade steel wire, according to the ACI Specifications 
(318-41), when f =* 3000 psi. 

12*23 A spirally reinforced column is 30 in. in outside diameter and is reinforced 
with 20 vertical bars each 1 in. in diameter. The spiral reinforcement is a ^-in. round 
intermediate-grade steel bar, with a pitch of 2^ in. The concrete protection is 2 in. 
thick. According to the ACI Regulations (ACI 318-41) and with f =* 3000 psi, 
determine the maximum permissible axial load. Is the spiral reinforcement adequate? 

12*24 (a) Design a round spirally reinforced column to have a minimum diam- 
eter and to carry an axial load of 485,000 lb. I^ength « 12 ft. f ** 2500 psi. Use 
1 J-in. square bars of hard-grade steel. Use maximum permissible spacing of spirals. 
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Show all computations and specification references. (6) What is the safe load on 
this column if the length is increased to 22 ft? 

12-26 A spirally reinforced concrete column is 30 in. in diameter and 20 ft long. 
It IS rdnforced with intermediate-grade longitudinal steel and cold-drawn spiral 
wire. The maximum size of coarse aggregate is 2 in. * 3500 psi. Find (a) The 
permissible axial load if the column is designed for the least amount of steel reinforce- 
ment. (b) What is the required size of spiral wire if the maximum permissible pitch 
of the spirals is used? 
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TABLE 1 

Weights of Construction MAT2RiALr 

Wgt. in lb 

Roofs per sq ft 

Shingles 2.5 

Yellow pine sheathing (1" thick) 2.5 

Corrugated iron or steel lto4 

Felt and gravel (5 ply) 6 

Slate (Ji" thick) 9 

Book tile (2" thick) 12 

Cement tile (IJ^" thick) 16 

Wgt, in Ih 

Floors and Ceilings per sq ft 

maple, finish flooring 4 

Screeds or nailing strips 2 

Cinder concrete fill (1" thick) 7 

Cement finish (1" thick) 12 

Reinforced concrete slabs (per inch thick) 12 

Plaster ceiling on wood lath 8 

Suspended metal lath and plaster 10 

Plaster on brick, tile, or concrete 5 

Wgt, in lb 
per sq ft 

Walls and partitions of surface 

4" pressed brick 47 

9" common brick 85 

13" common brick 120 

4" tile 17 

4" gypsum block 12 

Wgt, in lb 

Miscellaneous Materials per cu ft 

Concrete 150 

Cinder concrete 110 

Brick masonry (common brick) 120 

Steel 490 

Cast iron 450 

Ashlar masonry — limestone 160 

granite 165 

Earth (moist-packed) 100 

Timber — ^L. L. yellow pine (dry) 41-55 

Douglas fir (dry) 34^38 


365 



366 


APPENDIX 


TABLE 2 

Moment Table — Cooper’s E-60 

Note: Loads and moments are given in thousands of pounds and foot-pounds for 
one rail. 
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TABLE 3 

Common Bright Wire Nails 


Penny 

Designation 

Dime] 

Length 

(inches) 

nsions 

Wire 

Gage 

Diameter’" 

D 

(inches) 

\ 

Approx. 
Number 
per Lb 

2 

1 

15 

.0720 

.0193 

876 

3 


14 

.0800 


568 

4 


12H 

0985 


316 

5 


12H 

.0985 

.0309 

271 

6 

2 

nVi 

.1130 

.0380 

181 

7 

2}^ 

11 3^^ 

.1130 

0380 

161 

8 

2H 

lOM 

.1314 

.0474 

106 

9 

2?4 

lOM 

.1314 

.0474 

96 

10 

3 

9 

.1483 

.0570 

69 

12 


9 

.1483 


63 

16 

3H 

8 

.1620 

.0652 

49 

20 

4 

6 

.1920 

.0841 

31 

30 

4J^ 

5 

.2070 

.0942 

24 

40 

5 

4 

.2253 


18 

50 


3 j 

.2437 

. 1205 

14 

60 

6 

2 * 

.2625 

.1349 

11 


* Gage of American Steel and Wire Co. and John A. Roebliug Sons. 


TABLE 4 

Lag Screws — Square Head and Gimlet Point — Manufacturers' Standard List 
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TABLE 5 

Teco Split-Ring Data 


Nominal Size 

2^2 

4 

Split-ring — dimensions 



Inside diameter at center when closed, inches 

2H 

4 

Depth, inches 


1 

Weight, per 100 rings, pounds 

28 

70 

LumlxT, minimum dimensions allowed 



Width, inches 

3^8 


Thickness, rings in one face, inches 

1 

1 

Thickness, rings opposite in both faces, inches 


iH 

Bolt, diameter, minimum, inches 



(With rings of different size, use minimum for larger ring) 



Bolt hole, maximum diameter, inches 


‘He 

Projected area for portion of one ring within a mcmiber, 



square inches 

1 . 10 

2.25 

Washers, minimum 



Round, cast or malleabU; iron, diameter, inches 


3 

Square plate 



I..ength of side, inches 

2 

3 

Thioknes.s, inches 


Me 

(For trussed rafters and similar light construction stand- 
ard wrought washers may be used) 




Reprinted from “Teco Design Manual for Teco Timber Connector Construction,’’ by courtesy of the 
Timber Engineeriug Co. 


TABLE 6 

Permissible Increases for Load Duration on Split Rings 

Wind or 

Penna- Three Earth- 

nent Months’ Snow quake Impact 

Loading Ix)ading Loading Loading Loading 

Splitrrings 0% 15% 15% 50% 100% 

Reprinted from “Teco Design Manual for Teco Timber Connector Construction,” by courtesy of 
the Timber Engineering Co. 
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TABLE 7 

Decreases for Moisture Content Conditions 

Condition when fabricated Sca49oned Unseasoned Unseasoned 

Condition when used Seasoned Seasoned Unseasoned or wet 

Split-rings 0% 20% 33% 

Reprinted from “Teco Design Manual for Teco Timber Connector Construction,” by courtesy of 
the Timber Engineering Co. 


TABLE 8 

Maximum Recommended Values for a Group of Connectors Acting 45 to 90 
Degrees with the Grain 

(% of Allowable T^oads on Omi Connector) 


Type and Size 
of 

Connector 

Thickness of Loaded Member, Inches 

m" 

2" 

2%" 

3" and 
Thicker 

23 ^-in. Split-ring 
4-in. Split--ring 

300% 

233% 

300% 

248% 

300% 

269% 

300% 

300% 


For each additional connector exceeding 4, add 33 per cent of the allowable load for one connector. 
Reprinted from “Teco Design Manual for Teco Timber Connector Construction,” by courtesy of 
the Timber Engineering Co. 
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TECO SPLIT RING CONNECTORS 


angle op load to grain 



in 

o 

z 

D 

O 

CL 


Group A 
Species 
Douglas fir (dense) 
Oak, red and whiti^ 
Pine, southern (dense) 


Group B 
Species 

Douglas fir (coast region) 
Larch, western 
Pine, southern 


Group C 
Species 

Cypress, southern and tide- 
water red 

Hemlock, West Coast 
Pine, Norway 
Redwood 


Design Chart I. Safe Load on One 2f-in. Split Ring and Bolt in Single Shear. 


(From “Teco Design Manual for Teco Timber Connector Construction," by courtesy of the Timber 

Engineering Co.) 
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TECO SPLIT RING CONNECTORS 




Design Chart II. Spacing Chart for 2^-in. Split Ring Connectors. 

(From “Teco DcHign Manual for Teco Timber Connector Construction," by courtesy of the Timber 

Engineering Co.) 
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TECO SPLIT RING CONNECTORS 


100 

Is* 

85 


p 

■ 


a 

n 

^8! 

■ 

■ 

■ 

■ 

■ 

HUii 

Q|l 

lH 


itaMiliBi 




2^4 2 

Edge Distance f nches) 


End Distance (inches) 



Design Chart IV. Spacing Chart for 4-in. Split Ring Connectors. 

(From “Teco DcHign Manual for Teco Timber Connector Construction,” by courtesy of the Timber 

Engineering Co.) 





TABLE 9 


Bolt Heads and Nuts 




Heads and Nuts 

American 

Standard 

Regular 

American 

Standard 

Heavy 

Head 

Height, II 


•UD 4- l-ifl in. 


Short Dia., F 

IhD 

IHD + H ill. 

Nut 

Height, N 

JiD 

D 


Short Dia., F 

1K*D 4- lirt in. 

(D = -’s in. or less) 
U'jD 

{D greater than in.) 

iy>D -H U in. 


American Standard Bolt and Nut 
Dimensions, rounded to the nearest 
1 1 ft in., are those adopted by Amer- 
ican Institute of Bolt, Nut and Rivet 
Manufacturers, American Standard 
B 18.2, 1941. “.\merican Standard 
RcKular” formerly called Manufac- 
turers Standard, American Standard, 
etc. “.\merican Standard Heavy” 
formerly called United States Stand- 
ard. Some fabricators have stand- 
ard heads and nut.s diiTcring only 
slightly from the table. For bolts 
with countersunk heads the included 
angle is 78 degrees, the same as for 
rivets. 


Standard Dimensioas 


Head 


Dia. 

of 

Bolt. 

In. 

Series 

Hexagon 

Height, 

In. 

Square 

Diameter, In. 

Diameter, In. 

Long 

Short 

Ixmg 

Short 



Tie 

H 

•'’-io 

Vj 

H 



H 

9i6 

VI 

••‘4 

«16 

h 


li 

3 j 

i 6 

1 

1 



IVia 

‘•>i8 

Tie 

I' 18 

‘M6 



1?16 

VA 

Vi 

l«Jft 

IVi 

Ti 

■3 

VA 

l>1o 

9i6 

1'9i6 

1916 

1 


1‘Vifl 

IVi 

H 

2 vie 

IVi 

IH 

1 

U'Mo 

1»V16 

94 

2)16 

1‘V16 

U/4 

4 

2V4 

lA 

‘916 

2916 

lA 

IH 


2H 

2Vl6 

‘916 

2‘9i6 

2 VI 6 

IV- 


29 io 

2V4 

1 

3Vi6 

2‘/4 

IH 


2U 

2Tl6 

1V16 

ZH 

27i6 

Bi 

.2 

3 

2H 

I'M 6 

ZA 

2H 

VA 

I 

3Mo 

2^916 

1V4 

ZA 

2>9l6 

2 


37-16 

3 

IMe 

iA 

3 

2V4 


374 

ZH 

IVi 

4H 

ZH 

2\i 


4Vi 

Z^ 

l‘Vl6 

bA 

394 

2*>4 


41 VI 6 

4Vi 

1‘9'i6 

5‘Vl6 

4A 

3 


5Vi 

4H 

2 

6916 

4Vi 

3V4 


5916 

474 

2M6 

6‘M6 

4Ti 

3 Vi 

1 

6 

6V4 

2916 

7916 

5Vi 

ZM 

4 

e 

OMe ’ 

bH 

2Vi 

794 

5H 

4 

i 

m 

6 

21V16 

8V4 

6 

4V4 



7V1 

m 

2‘91d 

844 

m 




7‘V1« 

m 

3 

9V4 

694 

4^4 



8Vi 

7 A 

3918 

9‘9l6 

7A 

6 



8916 

7A 

3916 

10916 

7A 

6V4 



9 

7H 

3 Vi 

10‘9l6 

7A 

hVi 



m 

8V4 

3“/l6 

11918 

8V4 

by* 

1 


9»9l6 

8H 

3 ‘91 6 

Il‘9l6 

m 

6 


S 

I 4 

10V4 

9 

4 

12H 

9 


Dia. 

of 

Bolt. 

In. 

Series 

Hoxa 


Nut 



Kon 

fr. In. 

Height, 

In. 

Siiuare 

Diamet 

Diameter, In. 


I>ong 

Short 

D)iig 

Short 


1 

Vi 

7i6 

‘•4 

A 

Tie 

H 

if 

‘ Vift 

)k 

) ift 

A 

A 

1 , 

« 

‘9|6 

‘ 9 1 6 

Dio 

lA 

•916 

H 

'O 

l‘i 

1 

9 16 

IH 

1 

•’1 


Die 

\A 

'Vi6 

l'»16 

IV^ 

A 

1 

IV 2 

191 0 

94 

1 ‘ 9 1 « 

Die 

1 

rjl 

l‘Vi6 

ID* 

A 

2Vl6 

IVi 

lA 

H 

1 ‘ ) 1 6 

l‘Vi6 

1 

2)16 

1‘V16 

IVi 


2A 

VA 

I'/H 

29 i a 

VA 

\H 

s 

2H 

2Vie 

IVi 

2‘'‘i6 

2Vl6 

IV 2 

•< 

291 0 

2V4 

Dio 

ZA 

2V4 

m 


2 V 2 

2t1« 

IH 

3 

2916 

Vz 


2‘Vl6 

2H 

lA 

3V. 

2H 

VA 


2‘9i6 

2916 

\A 

3V2 

2916 

19 » 


ZA 

2^1 

It. 

394 

294 

lA 

V 

s 

ZH 

21)16 

IT^ 

4 1/1 6 

2Dl6 

2 


3916 

ZA 

2 

4916 

3V4 

2H 

1 

4 

ZA 

2 V 4 1 

4‘9l6 

3 Vi 

2A 

s 

4Tl6 

ZA 

2 A 

5916 

ZA 

294 

CO 

4Ti 

4V4 

294 

5‘:‘.l6 

4V4 

3 

1 

5V4 

4H 

3 

69i 

4A 

3Vi 

1 

. 6‘V16 

5 

3V4 

m 

5 

3 Vi 


6Vi 

59i 

3 Vi 

7H 

59i 

394 


6918 

594 

394 

7A 

594 

4 


7 

6Vi 

4 

8T1e 

6V^ 

4V4 

-t) 

77/16 

6Vi 

4V4 

8‘9l6 

6Vi 

4V2 


7‘9l6 

6Ti 

4Vi 

9916 

6Ti 

494 

1 

8V4 

7V4 

494 

9‘9l6 

7V4 

6 

CO 

oS 

8‘Vl6 

7A 

6 

lOVi 

7H 

5V4 


9A 

8 

5H 

11 

8 

bA 

u> 

9916 

SH 

5Vi 

llVi 

8H 

594 

i 

10 

894 

59i 

12 

8^4 

6 


lOH 

9A 

6 

12Vi 

9H 


Reprinted from “Steel Construction,” by courtesy of the American Institute of Steel Construction. 
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TABLE 10 
Screw Threads 
Ameri^**^'! National Form 
American Standard, B 1.1, 1935 



Diameter 

Area 

Number 

Diameter i 

. _ .1 

.\rea 

Number 





of 





of 











Total 

Net 

Total 

Net 


'rotal 

Net 

Total 

Net 


D, 

K, 

Dia., D, 

Dia., K, 


/>. 

A'. 

Dia.. D, 

Dia., K, 


In. 

In. 

Sii. In. 

Sq. In. 


In. 

In. 

Sq. In. 

Sq. In. 



0.18.') 

0.049 

0.027 

20 

3 

2.675 

7.(M)9 

.5.621 

4 


0.294 

0.110 

0.068 

16 

3k 

2.925 

8.296 

6.720 

4 

Vj 

0.400 

O.IOG 

0.126 

13 

3k 

3.175 

9.621 

7.918 

4 


0.507 

0.307 

0.202 

11 

3k 

3.425 

11.045 

9.214 

4 


0.G20 

0.1 4 2 

0.302 

10 

4 

3.675 

12.566 

10.608 

4 


0.731 

O.GOl 

0.419 

9 






1 

0.838 

0.785 

0.551 

8 

4k 

3.798 

14.180 

11.3.30 

27(1 


0.930 

0.994 

0.693 

7 

4} 2 

4.028 

15.904 

12.741 

2 k 

D/4 

1.0G4 

1.227 

0.890 

7 

4^4 

4.255 

17.721 

14.221 

2H 

m 

1.158 

1.485 

1.054 

6 






w 

1.283 

l.'.G7 

1.294 

6 

5 

4.480 

19.635 

15.766 

2 k' 

m 

1.490 

2.405 

1.744 

5 

5k 

4.730 

21.648 

17. .574 

2 k' 






Sti 

4.953 

23.758 

19.268 

2H 

2 

1.711 

3.142 

2.300 

4H 

5 k 

5.203 

25.967 

21.262 

2H 

2H 

1.961 

3.976 

3.021 

4 k' 






2V2 

2.175 

4.909 

3.716 

4 

6 

5.423 

28.274 

23.01)5 

3k 

2>4 

2.425 

5.940 

4.619 

4 

1 


1 




Sizes over 4 in. arc old U. S. Standard; there is no American Standard. 

Dimensions are maximum; specify “Free Fit, Class 2.” For Bolts from 2)'1> in. to 6 in. in diameter it 
is always necessary to bill the number of threads per inch. 

Reprinted from “Steel Construction,” by courte.Hy of the .\nierican Institute of Steel Construction. 
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TABLE 11 

Length of Bolt Threads 

Amorican Standard, B 18.2, 1941 


I^ength 
of Bolt, 
In. 

Diameter of Bolt, In. 

!- 1 

H 

Ij 

H 


H 

1 

116 

in 

IH 

in- 

i-:'6 

I'i 

1?6 

2n 

•JU 

23', 

3 


Minimum Thread Length 

1 

3 , 

■U 

■h 

••»4 












lU 


=*4 

1 

1 

1 











ll-j 

.i ^ 

'ti 

1 

m 

IH 

IH 











.t j 

H 

1 

1 1 ft 

IH 

IH 

IH 









2 


1 

Iti 

Ih 

IH 

IVitt 

1 **h 

1}6 










1 

I'i 

Ih 

1 h 


in 

2 

2 







3 

’li 

1 

U» 

Ih 

VU 

lU 

in 

2 >6 

21-4 

21.; 






4 


1 

Ift 

Ih 

in 

2 

2Vi 

2»t 

2n 

2-6 

314 

314 

an 



.1 


1?I6 

Ih 

Ih 

i-n 

2 

2n 

2'* i 

2n 

2H 

at. 

3-)6 

4 

416 

414 

G 

ii 

I'j i« 

Ih 

Ih 

Ln 

2 

2!.i 

2n 

3n 

3n 

314 

3H 

4 

416 

4n 

8 

H 


11 j 

l‘^1« 

2 

2 

2n 

2n 

an 

3'! 1 

4 

4 

4 

416 

4n 

10 

H 

liJio 

Ih 


2H 

2^16 

Ol-i 

234 

an 

33 t 

414 

43 i 

43| 

4n 

4n 

12 

H 

IMo 

U* 


2H 

2Ti6 

2 n 

2)4 

314 

3n 

414 

4n 

an 

534 

on 

16 

1 

IMo 

Ih 


2H 

2^16 

2n 

314 

3n 

3 3. 

4ti 

43 , 

r>t, 

53 i 

614 

20 

1 

IH 

Ui 


2H 

2Ti« 

2n ' 

336 

4 

4H 

in 

43 i 

5h 

r,34 

614 

30 

1 


l?i 

V ha 

2H 

2'/n\ 

2;n 

3>6 

4 

4 -h 

on 

~>H 

01, 

on 

on 


For interuipdiati* bolt lengtlis, same mininiutn thread length as for tjext sliorter fabnUited length. 
Reprinted from "Steel Construction’' by courtesy of the Aiuericau Institute of Steel Construction. 
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TABLE 12 

Basics Stuesses for Calculating Safe Loads for Bolted Joints ^ 


Group 


1 


2 


3 


1 


2 


3 


Species of Wood 


Basic Stress 


Parallel to 
the grain 


Perpendic- 
ular to the 
grain 


Softwoods: 

Cedar, northern and southern white 

Fir, balsam and commercial white 

Hemlock, eastern 

Pine, |X)nderosa, sugar, northern white, and 

western white 

Spruce, Engelmann, rod, Sitka, and white. . . . 
Cedar, Alaska, Port Orford, and wcistern red . . 

Douglas fir (Rocky Mountain type) 

Ilemloe.k, western 

Pine, Norway 

Cypress, southern 

Douglas fir (coast type) 

1 iarch, w^estern 

Pine, southern yellow 

Redwood 

Tamarack 

Hardwoods: 

Ash, black 

Aspen and largetooth aspen 

Basswood 

Birch, paper 

Chestnut 

Cottonwood, black and eastern 

Yellow poplar 

Maple (soft), red and silver 

Elm, American and slippery 

Gum, black, red, and tupelo 

Sycamore 

Ash, commercial white 

Beech . 

Birch, sweet and yellow 

p]lm, rock 

Hickory, true and pecan 

Maple (hard), black and sugar 

Oak, commercial red and white — 


Pounds per 
square ittch 


800 


1,000 


1,300 


925 


1,200 


1,500 


Pounds per 
square inch 


150 


200 


275 


175 


250 


400 


* Thene stresHes, when used in conjunction with Tables 13 and 14, give safe bolt-bearing stresses. 
'I'hey apply to seasoned timbers used in a dry, inside location. For other conditions, reduce each 
Htre.ss as follows: When the timbers are occasionally wet but quickly dried, use three-fourths of the 
stress listed; if damp or wet most of the time, use two-thirds. 

From U. S. Dept, of Agriculture Technical Bulletin 332. 
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TABLE 13 

Percentage of Basic Stress Parallel to the Grain ' for Calculating 
Safe Bearing Stresses Under Bolts 


Length of 


Percentage of Bahic S^rt\ss for 


Bolt in Mair. 

Member 
Divided by 
Its Diam- 
eter (L/D) 

Common bolts - 

Iligh-slrength bolts 

Group 1 
woods 

Group 2 
woods 

Group 3 
woods 

Group 1 
woods 

Group 2 
wooils 

Group 3 
woods 

1.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

1.5 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

2.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

2.5 

100.0 

100.0 

99.7 

100.0 

100.0 

100.0 

3.0 

100.0 

100.0 

99.0 

100.0 

100.0 

100.0 

3.5 

100.0 

99.3 

96.7 

100.0 

100.0 

99.7 

4.0 

99.5 

97.4 

92.5 

100.0 

100.0 

99.0 

4.5 

97.9 

93.8 

86.8 

100.0 

100.0 

97.8 

5.0 

95.4 

88.3 

80.0 

100.0 

99.8 

96.0 

5.5 

91.4 

82.2 

73.0 

100.0 

98.2 

93.0 

6.0 

85.6 

75.8 

67.2 

100.0 

95.4 

89.5 

6.5 

79.0 

70.0 

62.0 

98.5 

92.2 

85.2 

7.0 

73.4 

65.0 

57.6 

95.8 

88.8 

81.0 

7.5 

68.5 

60.6 

53.7 

92.7 

85.0 

76.8 

8.0 

64.2 

56.9 

50.4 

89.3 

81.2 

73.0 

8.5 

60.4 

53.5 

47.4 

85.9 

77.7 

69.6 

9.0 

57.1 

50.6 

44.8 

82.5 

74.2 

66.4 

9.5 

54.1 

47.9 

42.4 

79.0 

71.0 

63.2 

10.0 

51.4 

45.5 

40.3 

75.8 

68.0 

60.2 

10.5 

48.9 

43.3 

38.4 

72.5 

64.8 

57.4 

11.0 

46.7 

41.4 

36.6 

69.7 

61.9 

54.8 

11.5 

44.7 

39.6 

35.0 

66.8 

59.2 

52.4 

12.0 

42.8 

37.9 

33.6 

64.0 

56.7 

50.2 

12.5 

41.1 

36.4 

32.2 

61.4 

54.4 

48.2 

13.0 

39.5 

35.0 

31.0 

59.1 

52.4 

46.3 


1 The product of the basic stress parallel to the grain selected from Table 12. and the percentage 
for the particular L/D ratio and species group, taken from this table, is the safe working stress at 
that ratio for joints with metal splice plates. When wood splice plates are used, each one*half the 
thickness of the main timber, 80 per cent of this product is the safe working stress. 

2 Bolts having a yield point of approximately 45,000 pounds per square inch. 

* Bolts having a yield point of approximately 125,000 pounds per square inch. 

From U. S. Dept, of Agriculture Technical Bulletin 332. 
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TABLE 14 

Percentages of Basic Stress Perpendicular to the Grain Used in 
Calculating Safe Bfar::;g Stresefs under Bolts ^ 


TiCngth of Bolt in Main 
Member Divided by Its 
Diameter (L/D) 

Percentage for Common Bolts ^ 

Percentage 
for High- 
Strength 
Bolts ^ 

Group 1 
conifers 
and group 

1 hard- 
woods 

Group 2 
conifers 

Group 2 
hardwoods 
and group 

3 conifers 

Group 3 
hardwoods 

All groups 

1.0 to 5.0, inclusive. . . . 

100.0 

100.0 

100.0 

100.0 

100.0 

5.5 

100.0 

100.0 

100.0 

99.0 

100.0 

6.0 

100 0 

100.0 

100.0 

1 96.3 

100 0 

6.5 

100.0 

100.0 

99.5 

92.3 

100.0 

7.0 

100.0 

100.0 

97.3 

86.9 

100.0 

7.5 

100.0 

99.1 

93.3 

81.2 

100.0 

8.0 

100.0 

96.1 

88.1 

75.0 

100.0 

8.5 

98.1 

91.7 

82.1 

69.9 

99.8 

9.0 

94.6 

86.3 

76.7 

64.6 

97.7 

9.5 

90.0 

80.9 

71.9 

60.0 

94.2 

10.0 

85.0 

76.2 

67.2 

55.4 

90.0 

10.5 

80.1 

71.6 

62.9 

51.6 

85.7 

11. 0 

76.1 

67.6 

59.3 

48.4 

81.5 

11.5 

72.1 

64.1 

55.6 

45.4 

77.4 

12.0 

68.6 

61.0 

62.0 

42.5 

73.6 

12.5 

65.3 

58.0 

49.0 

40.0 

70.2 

13.0 

62.2 

55.3 

45 9 

37.5 

66.9 


Diameter of bolt, 






i 






i 


inches 

y* 



Vb 

y4. 

Vb 

1 


IM 

m 

2 


3 and 




over 

Diameter factor . 

2.50 

1.95 

1.68 

1.52 

1.41 

1.33 

1.27 

1.19 

1.14 

1.10 

1 07 

1.03 

1.00 


1 The safe working stress for a given value of L 'D is the product of three factors: (1) the basic 
stress perpendicular to the grain taken from Table 12, (2) the percentage from this table, and (3) the 
factor for bolt diameter, also from this table. No reduction need be made when wood splice plates 
are used except that the safe load perpendicular to the grain should never exceed the safe load par- 
allel to the grain for any given size and quality of bolt and timber. 

* Bolts having a yield point of approximately 45,000 pounds per square inch. 

* Holts having a yield point of approximately 125,000 pounds per square inch. 

From U. S. Dept, of Agriculture Technical Bulletin 332. 
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TABLE 15 

Dimensions of Stkuctuhal Rivets 



Driven Heads Manufactured Heads Die Driving Clearance 


“Basic Dimensions,” High Button (Acorn) Heads, American Institute of Bolt, Nut 
and Rivet Manufacturers, 1937 



Dill. 

of Uiv'ct, In. 

i._, 


•‘l 


1 

116 

131 

196 

136 

. 


A 

1.5D -f li 

H 

I'io 

I3i 

1 " 16 

IH 


2 

2946 

2H 

d 

V 

a 

H 

0.425-i 

H 



•?6 

»h6 

•h 

2362 

* •? I fl 


a 


F 

1.5// 

«16 

‘Ms 

‘?16 


lV;j2 

l'.V2 

1‘^62 

1‘'}62 

136 

c 


C 

1.81/> 

2 9S2 


l‘»/n2 

l‘Vfi2 


23:12 

2>i 

236 

22962 

Q 


K 

0.5D 

h 

^ io 


M6 

/'J 

«i6 

•H 

* 3i6 

9t 



A 

1.5D + 

2^2 

31fl2 

15^2 

1‘H2 

i»’;^2 

12‘}^2 

12962 

2962 

2962 

1 


H 

0.75Z) -f 


1^2 

iHe 

2-5^2 

H 

2362 

13i6 

1 962 

134 

X 

=s 

F 

0.750 + n2 

2^2 

n 

2^62 


IHi 

136 

1362 

19»6 

1>962 


3 

M 

0.50 


H 

K» 

3-2 

h 

36 

36 

32 

36 

3 d 


N 

0.094 

^2 


^^2 

^^2 

H2 

^32 

962 

962 

962 

o 


G 

0.75D - 9^2 

?^2 

•)1o 

9i»2 

•‘6 


?i6 

2362 

9i 

2362 

a 

SJ 

'JZ 

e a 

C 

1.8 ID 

2^2 


l»l52 

l‘<jtl2 

I'iia 

23:i2 

23i 

236 

229^2 


§ § 
c « 

o 

K 

0.5D 

M 

'Mo 

H 


h 1 

') 1 6 

H 

»3i6 

94 

Die, 

In. 

B 



2 

2*4 

2^2 

2)4 

3 

33i 

336 

39 i 

Driving 

E (min) 

?» 


1 

IH 

l!i 

IH 

136 

IH 

194 

Clearance 

Inches 

E (pref.) 

1 


VA 

IH 

132 

IH 

194 

136 

2 


Reprinted from "Steel Construction,” by courtesy of the Aiiierican Institute of Steel Construction. 
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TABLE 16 

Allowable Working Values for Power-Driven Rivets 


Unit Shearing Stress = 15,000?f/in“ 


Unit Bearing Stress 


I Single Bearing = 32,000if/in 
[Double Bearing = 40,000#/in 


2 

2 


Diameter 
of Rivet 

K/ff 

')h 


1 

n/n 

V 

1^' 

Area of 
Rivet 

0.300S 

0.4418 

0.6013 

0.78.54 

0.9940 

Single 

Shear, 

Pounds 

4.no() 

6,630 

9,020 

11,780 

14,910 

Double 

Shear, 

Pounds 

9,200 

13 

2.50 

18,040 

23,560 

29,820 

Bearing 

Single, 

Lb 

Double, 

Lb 

Single, 

Lb 

Double, 

Lb 

Single, 

Lb 

Double, 

Lb 

Single, 

Lb 

Double, 

Lb 

Single, 

Lb 

Double, 

Lb 




6,250 

6,000 

7,500 

7,000 

8,750 

8,000 

10,000 

9,000 

11,250 


•)l6 


7,810 


9,380 

8,7.50 

10,900 

10,000 

12,500 

11,300 

14,100 


Vb 


9,.380 


il,.300 


13,100 

12,000 

15,000 

13,500 

16,900 

O J3 

Vus 





1.3,100 


15,.300 


17,500 


19,700 

a 

o 

:a 

H 

H 






17,.5(X) 


20,000 


22,500 









22,500 


25,300 



.... 









28, la) j 


Compiled from data in “Manual of Steel Construction/’ by permission of the American 
Institute of Steel Construction. 
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TABLE 17 
Unfinished Bolts 
Allowable Loads in Kips 


Shear 

Bearing: S. S. 

D. S. 


10.000 psi 

20.000 psi 

25.000 psi 




For bolts with washers under nuts and with unthreaded shanks extending com- 
pletely through joined parts, values may be increased by 1 2.5 percent 


Bolt. Dia. 

y. 


H 

•?4 

H 

1 

VA 

Ih 

Area 

0.1963 

0.3068 

0.4418 

0.6013 

0.7854 

0.9940 

1.2272 

SinKle Shear 

1.96 

3.07 

4.41 


6.01 

7.85 

9.94 

12.27 

Double Shear 

3.93 

6.14 

8.84 

12.03 

15.7 

1 

19.88 

24.54 


Bearing 

Bearing 

Bearing 

Bearing 

Bearing 

Bearing 

Bearing 

Thickness 















of 















Plate 

20.0 

25.0 

20.0 

25.0 

20.0 

25.0 

20.0 

25.0 

20.0 

25.0 

20.0 

25.0 

20.0 

25.0 

0.125 H 

1.25 

1.56 

1.56 

1.95 

1.88 

2.35 









0.140 

1.40 

1.75 

1.75 

2.19 

2.10 

2.63 

2.45 

3.06 







0.160 

1.60 

2.00 

2.00 

2.50 

2.40 

3.00 

2.80 

3.50 







0.180 

1.80 

2.25 

2.25 

2.81 

2.70 

3.:i8 

3.15 

3.94 







0.1875 

1.88 

2.38 

2.34 

2.93 

2.81 

3.52 

3.28 

4.10 







0.200 

2.00 

2.50 

2., 50 

3.13 

3.00 

3.75 

3.50 

4.38 

4.00 

5.00 





0.220 


2.75 

2.75 

3.44 

3.30 

4.13 

3.85 

4.81 

4.40 

5.50 





0.240 


3.00 

3.00 

3.75 

3.60 

4.50 

4.20 

5.25 

4.80 

6.00 





0.250 h 


.3.13 

3.13 

3.91 

3.75 

4.69 

4.38 

5.47 

5.00 

6.25 





0.260 


3.25 


4.06 

3.90 

4.88 

4.55 

5.69 

5.20 

6.50 

5.85 

7.31 



0.280 


3.. 50 


4.,38 

4.20 

5.25 

4.90 

6.13 

5.60 

7.00 

6.30 

7.88 



0.300 


3.75 


4.69 

4..50 

5.63 

5.25 

6.56 

6.00 

7.50 

6.75 

8.44 



0.3125 yin 


3.91 


4.88 


5.86 

5.47 

6.84 

6.25 

7.81 

7.03 

8.79 



0.320 


4.00 


5.00 


6.00 

5.60 

7.00 

6.40 

8.00 

7.20 

9.00 

8.00 

10.0 

0.340 




5.31 


6.38 

5.95 

7.44 

6.80 

8.50 

7.65 

9.56 

8.50 

10.6 

0.360 




5.63 


6.75 


7.88 

7.20 

9.00 

8.10 

10.1 

9.00 

11.3 

0..375 




5.86 


7.a3 


8.20 

7.50 

9.38 

8.44 

10.6 

9.38 

11.7 

0.380 




5.94 


7.13 


8.31 

7.60 

9.50 

8.55 

10.7 

9.50 

11.9 

0.400 




6.25 


7.50 


8.75 

8.00 

10.0 

9.00 

11.3 

10.0 

12.5 

0.420 






7.88 


9.19 


10.5 

9.45 

11.8 

10.5 

13.1 

0.4375 MB 






8.20 


9.57 


10.9 

9.84 

12.3 

10.9 

13.7 

0.440 




. . . 1 


8.25 


9.63 


11.0 

9.90 

12.4 

11.0 

13.8 

0.460 






8.63 


10.1 


11.5 


12.9 

11.5 

14.4 

0.480 






9.00 


10.5 


12.0 


13.5 

12.0 

15.0 

0.500 








10.9 

... 

12.5 


14.1 

12.5 

15.6 

0.520 








11.4 


13.0 


14.6 


16.3 

0.540 








11.8 


13.5 


15.2 


16.9 

0.560 








12.3 


14.0 


15.7 


17.5 

0.5625 «i« 








. . .* 


14.1 


15.8 


17.6 

0..580 










14.5 


16.3 


18.1 

0.600 










15.0 


16.9 


18.8 

0.620 










15.5 


17.4 


19.4 

0.625 H 










15.6 


17.6 


19.5 

0.6875 










17.2 


19.3 


21.5 

0.7.50 












21.1 


23.4 

0.8125 1^0 














25.4 


lieprinted from “Steel Construction” by courtesy of the American Institute of Steel CouHtruction. 
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TABLE 18 

Erection Clearances for Inserting and Driving Rivets 


No. 

Max. 

Rivet 

Diam. 

D 

Ina. 

Btr. 

Ins. 

Wt., 

Lb 

A 

1 

B 

\ 

All hammers except No. 130 and 
No. 11 can be fitted with inverted 

LenKth 

L 

In. 

Clear. 

C 

In. 

T^enKih 

In. 

Clear, 

C 

I .. 

handles. These are for crowded work 
and are only provided by special ar- 
rangement. No. 130 is a jam riveter 
for close-quarter work. 

130 


3Ma 

4 

15 



9 

12 

) 

50 

¥i 

2^6 

5 

20 



14 

l7 

J Used only to drive in close quarters 

60 

H 

2^6 

6 

23 

19 

24 

151/* 

19 

Rarely used 

80 

1 

2^1 fl 

8 

25 

21 K> 

26 

171/* 

21 

Used for all except heaviest riveting 

90 

IH 

2Mo 

9 

26 

2394 

28 

1994 

23 

\ 

11 

IH 


11 

32 

26^i 

31 



J Used for heaviest riveting 
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TABLE 19 


Physical Properties op Metal Deposited by Bare and Coated 
Electrodes 


Property 

Bare Electrode 

Coated Electrode 

Min 

Max 

Min 

Max 

Yield point, lb per sq in 

35,000 

40,000 

42,000 

55,000 

Ultimate strength, lb per sq in 

45,000 

55,000 

60,000 

70,000 

Elongation in 2 in., per cent 

8 

15 

25 

35 

Reduction of area, per cent 

15 

20 

45 

65 

Endurance limit, lb per sq in 

16,000 

20,000 

26,000 

30,000 

Impact strength, Izod, ft-lb 

5 

15 

40 

50 

Density, g per cc 

7.5 

7.6 

7.81 

7.85 


From paper oti welding design, by Chas. H. Jennings, A.S.M.E. Transactions for October, 1 U 36 . 


TABLE 20 

Permissible Unit Stresses 
(Values in Kips per sq in.) 


Kind of Stress 

For Welds Made with 

Filler Metal of 

Grade 2, 

4, 10, or 15 

Grade 20, 30, 
or 40 

Shear on section through weld throat 

13.6 

11.3 

Tension on section through weld throat 

15.6 

13.0 

Compression (crushing) on section through throat 
of butt weld 

18.0 

18.0 


Note that this code epecibes that the stress in a fillet weld shall be considered as shear, for any 
direction of the applied stress. 
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TABLE 21 


Working Stresses and Stress-Concentration Factors for Welds 
ON Low-Carbon Steels 


Type of Weld 

— Working Stresses — 
Bare Electrodes 

^Coated Electrodes—' 

Static 
Loads, 
lb per sq in. 

Dynamic 
Loads, 
lb per sq in. 

Static 
Loads, 
lb per s(i in. 

Dynamic 
Loads, 
lb per sq in. 

Butt welds: 





Tension 

13,000 

5,000 

16,000 

8,000 

Compression 

15,000 

5,000 

18,000 

8,000 

Shear 

8,000 

3,000 

10,000 

5,000 

Fillet welds: 





Transverse and parallel welds 

11,300 

3,000 

14,000 

5,000 


St ress-Concent rat ion F actors 


Location 


Reinforced butt welds 

Toe of transverse fillet weld — 

End of parallel fillet weld 

T butt joint with sharp corners 


Stress- 

Concentration 
Factor, K 


1.2 

1.5 

2.7 

2.0 


From paper on welding design by Chas. H. Jennings, A.S.M.E. Transactions for October, 1936. 
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TABLE 22 

Yard Lumber — Standard Sizes 
Finish, Common Boards and Strips, Dimension and Heavy Joist 


Hough Size 


Product 

Thickness, Width, 

inches inches 

3 

4 

6 

6 

1 7 

Finish 8 

IH 9 

IM 10 

2 11 

2M 12 

3 


Dressed Dimensions 


Yard 

Thickness, 

inches 

Industrial 

Thickness, 

inches 

Width, 

inches 

He 


2ys 

lie 


^V2 

He 


4K 

^He 


5H 

2^2 

^%2 

6H 

IHe 


7H 

iHe 


SH 

iKe 




15^ 

mA 

2H 

258 


UH 


1 

IK 

IK 


Common boards 
and strips 


2 

2K 

Dimension and 3 

heavy joist 4 



Note: Thickneiwes apply to all widths and widths to all thicknesses. 
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TABLE 23 

Standard Sizes of Structural Timbers 


Item 

Nominal ThicKness 

1 

Nominal Width 

Nominal Length 

Joists and planks . . . 

2, 3 and 4 in. 

4 in. and up in mul- 
tiples of 2 in. 

6, 8, 9, and 10 ft to 
40 ft in multiples 
of 2 ft 

Beams and stringers 

5, 6 in. and up in 
multiples of 2 in. 

8 in. and up in mul- 
tiples of 2 in. 

6, 8, 9, and 10 ft 
and up in multi- 
ples of 2 ft 

Posts and timbers. . 

5, 6 in. and up in 
multiples of 2 in. 

5, 6 in. and up in 
multiples of 2 in. 

6, 8, 9, and 10 ft 
and up in multi- 
ples of 2 ft 


TABLE 24 

Structural Timbers — Standard Sizes Joist and Plank, Beams and vStringers, 

Posts and Timbers 


Tolerances and Surfacing Allowances 




Thickn(‘s.s 

1 


Width 


Product 


Minimum 


Minimum 


Nominal, 

inclies 

Boiigli, 

inches 

SIS or 
S2S, 
inclu's 

Nominal, 

inches 

Rough, 

inches 

SlE or 
S2K, 
inches 

Joist and plank 

2 

Vh off 

3s off 

4 

■’ifiOff 

3^^ off 


3 

^16 off 

3fi off 

0 

off 

H off 


4 

?i6 off 

H off 

8 anti up 

^4 off 

I 2 off 

Beams and 
stringers 

5 

6 

8 and up 

=’i'« off 
?l6 0ff 

H off 

^2 off 
hoff 

4 off 

8 and up 

I 4 off 

M off 

Posts and timbers 

5 

He off 

H off 

5 

?.6 0ff 

^2 off 


6 

He off 

H off i 

6 

^'6 off 

h off 


8 and up 

>4 off 

*^off I 

8 and up 

1+ off 

» 2 off 


Note: Thiokneases apply to ail widths and widths to all thicknesses. 
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TABLE 25 

Allowable Unit Stresses — Stress-Grade Lumber 

Thi* allowable unit stresses below are for j)ermanent loading. 


Allowable Unit Stresses in Pounds 
per Square Inch 





K.xtreme 


Com- 


Modulus 

Species and Commercial Grade ^ 

Rules Under Which 
Graded 

Fiber in 
Bending 
f and 

Hori- 

zontal 

I)re8- 

sinn 

Per- 

(\)m- 

pression 

Parallel 

of 

Elasticity 

t: 




Tension 

Shear 

jKMidic- 






Parallel 

H 

ular to 






to Grain- 


Grain 






f 


cl 



1 

2 

3 

4 

5 

0 

7 

Cypress, southern: 

! 

National Hardwood 



360 


1.200.000 

1700 f Grade 

J.&P.-B.iS. 

UumlK'r .\s8ociatioii 

1.700 

145 


1.425 


1300 f Grade 

.r.&p.-B.,ks. 


1.300 

120 


1.125 


1450 e Grade 

P.&T. 





1.4.50 


1200 c Grade 

P.&T. 





1.200 


Cypress, tidewater red; 


Southern (’vpress 



360 


1,200.000 

1700 f Grade 

J.&P.-B.&S. 

Manufacturers .Vaso- 

1.700 

145 


1.425 


1300 f Grade 

J.&P.-B.&S. 

ciation 

1.300 

120 


1 . 125 


1450 c Grade 

P.&T. 





1.450 


1200 c Grade 

P.&T. 





1,200 


Douglas fir coast region: ^ 


West Coast Bureau of 





1.600.000 

Par. 214a Graded 

J.&P. 

Lurnlier Grades and 

2.150 

145 

455 

1.5.50 


Par. 218a Graded 

B.&S. 

Ins{)ection j 

2.150 

145 

455 

1.550 1 


Par. 214 Grade 

J.&P. 


1.900 

120 

415 

1.450 


Par. 218 Grade 

B.&S. 


1.900 

120 

415 

1,450 


Par. 215a Graded 

J.&P. 

i 

1.700 

145 

455 

1.325 


Par. 219a Graded 

B.&S. 

1 

1.700 

145 

455 

1.325 


Par. 215 Grade 

J.&P, 


1.450 

120 

390 

1.200 


Par. 219 Grade 

B.&S. 


1.450 

120 

390 

1,200 


Par, 216 Grade 

J.&P. 


1.100 

110 

390 

1,075 


Par. 210a Graded | 

P.&T. 




455 

1,550 


Par. 210 Grade 

P.&T. 




415 

1,450 


Par. 200 Grade 

P.&T. 




390 

1.325 fi 


Douglas fir, inland empire: 


Western Pine Associa- 






Select structural ® 

J.&P. 

tion 

2.150 

145 

455 

1,750 

1,600.000 

Structural 

J.&P. 


1.900 

100 

400 

1,400 

1,600.000 

Common structural 

J.&P. 


1.450 

95 

380 

1.250 

1,500.000 

Select structural ^ 

P.&T. 




455 

1,750 

1.600.000 

Structural 

P.&T. 




400 

1,400 

1,500.000 

Common structural 

P.&T. 




380 

1,250 

1,600,000 

Hemlock, eastern; 


Northern Hemlock and 



300 


1,100.000 

Select structural 

J.&P.-B.&S. 

Hardwood Manufac- 

1.300 

85 


860 


Prime structural 

J.&P.7 

turers Association 

1.200 

60 


775 


Common structural 

J.&P.7 


1.100 

60 


660 


Utility structural 

J.&P.7 


950 

60 


600 


Select structural 

P.&T. 





850 


Hemlock, West Coast: * 


West Coast Bureau of 



360 


1,400,000 

Par. 498 Grade 

J.&P. 

Lumber Grades and 

1,450 

100 


1,076 


Par. 600 Grade 

B.&S. 

Inspection 

1,460 

100 


1,076 


Par. 499 Grade 

J.&P. 


1,100 

90 


850 


Par. 603 Grade 

P.&T. 





1,075 « 



See footnotes at end of table. 
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TABLE 25 — Continued 

Allowable Unit Stresses — Stress-Grade Lumber 

The allowable unit stresses L«jiow are for pc’-manent loading. 


Species and Commercial Grade l 

Rules Under Which 
Graded 

Allowable Unit Stresses in Pounds 
per Square Inch 

Modulus 

of 

Elasticity 

E 

Extre me 
Fiber in 
Bending 
/and 
Tension 
Parallel 
to Grain 2 
t 

Hori- 

zontal 

Shear 

H 

Com- 
pres- 
sion 
Per- 
pendic- 
ular to 
Grain 
cX 

Com- 
pression 
Parallel 
to Grain® 
c 

1 

2 

3 

4 

5 

6 

7 

Maple, hard: 


National Hardwood 



600 


1,600,000 

2160 f Grade 

J.&P. 

Lumber Association 

2.160 

145 


1,750 


1900 f Grade 

J.&P.-B.&S. 


1.900 

145 


1,525 


1700 f Grade 

J.&P.-B.&S. 


1,700 

145 


1,350 


1450 f Grade 

J.&P.-B.&S. 


1,450 

120 


1,150 


1550 c Grade 

P.&T. 





1,550 


1450 c Grade 

P.&T. 





1,450 


1200 c Grade 

P.&T. 





1,200 


Oak, red and white: 


National Hardwood 



600 


1,500,000 

2150 f Grade 

J.&P. 

Lumber .Association 

2,150 

145 


1,550 


1000 f Grade 

J.&P.-B.&S, 


1,900 

145 


1,375 


1700 f Grade 

J.&P.-B.&S. 


1,700 

145 


1,200 


1450 f Grade 

J.&P.-B.&S. 


1,450 

120 


1,050 


1300 f Grade 

B.&S. 


1,300 

120 


950 


1325 c Grade 

P.&T. ! 





1,325 


1200 c Grade 

P.&T. 





1,200 


1075 c Grade 

P.&T. 





1,075 


Pine, Norway: 


Northern Hemlock and 



360 


1,200.000 

Prime structural 

J.&P.7 

Hardwood Manufac- 

1,200 

75 


900 


Common structural 

J.&P.7 

turers Association 

1.100 

75 


775 


Utility structural 

J.&P.7 


950 

76 


650 


Pine, southern longleaf: 


Southern Pine Inspec- 



455 


1,600,000 

Select structural ^ 

J.&P.-B.&S. 

tion Bureau of the 

2,400 

120 » 


1,750 


Prime structural ® 

J.&P.-B.&S. 

Southern Kne Asso- 

2,150 

120 » 


1,550 


Merchantable structural® 

J.&P.-B.&S. 

ciation 

1,900 

120 8 


1,450 


Structural S.E.&S. ® 

J.&P.-B.&S. 


1,900 

120 8 


1,450 


No. 1 structural ® 

J.&P.-B.&S, 


1,700 

1208 


1,200 


No. 1 dimension ® 

J.&P.7 


1,700 



1,200 


No. 2 stress dimension ® 

J.&P.7 


1,250 



1,025 


Select structural ® 

P.&T. 





1,750 


Prime structural * 

P.&T. 





1.550 


Merchantable struc- 

P.&T. 





1,450 


tural ® 








Structural S.E.&S.® 

P.&T. 





1,450 


No. 1 structural ® 

P.&T. 





1,200 


Pino, southern shortleaf: 


Southern Pine lns()ec- 





1,600.000 

Dense select structural ® 

J.&P.-B.&S. 

tion Bureau of the 

2,400 

1208 

455 

1,750 


l^nse Structural® 

J.&P.-B.&S. 

Southern ttne Asso- 

2,150 

120 8 

455 

1,550 


Dense structural 

J.&P.-B.&S. 

ciation 

1,900 

1208 

455 

1,450 


S.E.&S.«‘ 









See footnotes at end of table. 
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TABLE 25 — Qmiinued 

Allowable Unit Stresses — Stress-Grade Lumber 

The allowable unit stresses below are for permanent loading. 


Species and Commercial Grade ^ 

Rules Under Which 
Graded 

Allowabl 

Extreme 
Fiber in 
Bending 
/ and 
Tension 
Parallel 
to Grain 2 
t 

e Unit Si 
per Squi 

Hori- 

zontal 

Shear 

H 

tresses in 
ire Inch 

Com- 
pres- 
sion 
Per- 
pendic- 
ular to 
Grain 

Pounds 

Com- 
pression 
Parallel 
to Grain* 
c 

Modulus 

of 

Elasticity 

E 

1 

2 

3 

4 

5 

6 

7 

Hue, southern shortleaf: 



, 





Co'itiwed 








Dens3 No. 1 structural 5 

J.&P.-B.&S. 


1,700 

120 « 

455 

1.200 


No. 1 dens? dimennon & 

J.&P.7 


1 1,700 


455 

1.200 


No. 1 dimension 

J.&P.7 


1,450 


390 

. 1,075 


No. 2 dense stress dimen- 

J.&P.^ 


1.250 


455 

1.025 


sion^ 








No. 2 medium grain 

J.4cP.7 


1.100 


390 

875 


stress dimension 








Dens? select structural ^ 

P.&T. 




455 

1,750 


Dense structural ^ 

P.4T. 




455 

1,550 


Dense structural S.E. & 

P.&T. 




455 

1,450 


S.& 








Dense No. 1 structural ^ 

P.&T, 




455 

1,200 


Redwood; 


California Redwood 



320 


1,200,000 

Dense select all-heart 

J.&P.-B.&S. 

Association 

1.700 

110 


1,450 


structural^ 








Select all-heart struc- 

J.&P.-B.&S. 


1,450 

95 


1,325 


tural 5 








Bulkhead structural ^ 

J.&P. 


1,300 

95 

1 

1,325 


Heart structural 

J.&P. 


1.300 

95 


1,325 


Dense select all-heart 

P.&T. 





1,450 


structural^ 








Select all-heart struc- 

P.&T. 





1,325 


tural * 








Spruce, eastern: 


Northeastern Lumber 



300 


1,200,000 

1450 f structural grade 

J.&P. 

Manufacturers Asso- 

1,450 

no 


1,060 


1300 f structural grade 

J.&P. 

ciation, Inc. 

1,300 

95 


975 


1200 f structural grade 

J.&P. 


1,200 

95 


900 



1 Abbreviatioiui: J.&P., Joists and Planks; B.dcS., Beams and Stringers; P.&T., Posts and Timbers; S.E.&S., Square 
Edge and Sound. 

3 When graded in accordance with specification. 

s When graded according to specification and when the f/d ratio is 11 or less. 

* These paragraph numbers refer to paragraphs in the Standard Grading and Dressing Rules of the West Coast Bureau 
of Lumber Grades and Inspection. 

^ These grades include requirements for density. 

* When slope of grain is not more than 1 in 10. 

7 Available in thickness of 2 in. only. 

8 Allowable unit shearing stresses of 145, 170, and 100 pn may be used when these grades are specified to conform to 
the standard 120, 140, and 160 lb shear grades respectively in the grading rules. 
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TAJILE 26 

Timber 

American Standard Sizes 


Properties for Designing 
National Lumber Manufacturers' Association 


Nom- 

inal 

Size 

American 

Standard 

Dressed 

Size 

Area 

of 

Sec- 

tion 

Wt. 

per 

Foot 

Mo- 

ment 

of 

[nertia 

Sec- 

tion 

Mod- 

ulus 

Nominal 

Size 

American 

Standard 

Dressed 

Size 

Area 

of 

Sec- 

tion 

Wt 

per 

Foot 

Moment 

of 

Inertia 

Sec- 

tion 

.Mod- 

ulus 

In. 



Lb 

In.4 

Ia.3 

In. 

In. 

In.* 

I.b 

In.* 

In.3 

2X4 



1.64 


3.56 

10X10 

9HX9H 

90.3 

25.0 

679 

143 

6 



2.54 

24.1 

8.57 

12 

llH 

109 

30.3 

1,204 

209 

S 

7H 

12.2 

3.39 

57.1 

15.3 

14 

13 H 

128 

iml| 

1,948 

289 

10 


1.>.4 

4.29 

116 

24.4 

16 

15 H 

147 

40.9 

2,948 

380 

12 

IIH 

18.7 

5. 19 

206 

35.8 

18 

17 H 

166 

46.1 

4,243 

485 

14 

13H 

21.9 

6.09 

333 

49.4 

20 

19 H 

185 

51.4 

5,870 

602 

16 

15 H 

25.2 

6.99 

mm 

65.1 

22 

21 H 

204 

56.7 

7,868 

732 

18 

17 H 

28.4 

7.90 

726 

82.9 

24 

23 H 

223 

62.0 

10,274 

874 

3X4 


9.52 

2.64 

10.4 

5.75 

12X12 

ll^XllH 

132 

36.7 

1,458 

253 

6 

6*8 

14.8 

4.10 

38.9 

13.8 

14 

13 H 

155 

43.1 

2,358 

349 

8 

7H 

19.7 

5.47 

92.3 

Bo 

16 

15 H 

178 

49.5 

3,569 

460 

10 


24.9 

6.93 

188 

39.5 

18 

17 H 


55.9 

5,136 

587 

12 

llH 

30.2 

8.39 

333 

57.9 

20 

19 H 

224 

62.3 

7,106 

729 

14 

13 H 

35.4 

9.84 

538 

79.7 

22 

21H 

247 

68.7 

9,524 

886 

16 

15H 

40.7 

11.3 

815 

105 

24 

23 H 

270 

75.0 

12,437 

1058 

18 

17 H 

45.9 

12.8 

1172 

134 

14X14 

13HX13H 

182 

50.6 

2,768 

410 







16 

15 H 

209 

58.1 

4.189 

541 

4X4 

3HX3H 

13.1 

3.65 

14.4 

7.94 

18 

17 H 1 

236 

65.6 


689 

6 

5H 

20.4 

5.66 

53.8 

19.1 

20 

19 ^ 

263 

73.1 

8,342 

856 

8 

7H 

27.2 

7.55 

127 

34.0 

22 

21H 

290 

80.6 

11,181 

1040 

10 

9H 

34.4 

9.57 

259 

54.5 

24 

23 yi 

317 

88.1 

14,600 

1243 

12 

IIH 

41.7 

11.6 

459 

79.9 







14 

13 H 

48.9 

13.6 

743 

110 

16X16 

idyixiayi 

240 

66.7 

4,810 

621 

16 

15 H 

56.2 

15 .6 

1125 

145 

18 

17 yi 

271 

75.3 

6,923 

791 

18 

17 H 

63.4 

17.6 

1619 

185 

20 

10 yi 

302 

83.9 

9,578 

982 







22 

21H 

333 

92.5 

12,837 

1194 

6X6 

r>HX5H 

30.3 

8.40 

76.3 

27.7 

24 

23 yi 


101 

16,763 

1427 

8 

7H 

41.3 

11.4 

193 

51.6 







10 

9H 

52.3 

14.5 


82.7 

18X18 

17^X17H 


85.0 

7,816 

893 

12 

IIH 

63.3 

17.5 

697 

121 

20 

10 yi 

341 

94.8 

10,813 

1109 

14 

13 yi 

74.3 

20.6 

1128 

167 

22 

21H 

376 

105 

14,493 

1348 

16 

loH 

85.3 

23.6 

1707 

220 

24 

23 yi 

411 

114 

18,926 

1611 

18 

17 H 

96.3 


2456 

281 

26 

25 yi 

446 

124 

24,181 

1897 

20 

10 H 

107.3 

29.8 

mm 

349 

20X20 

19HX19H 

380 

106 

12,049 

1236 







22 

21 yi 

419 

116 

16,150 

1502 

8X8 

7HX7H 

56.3 

15.6 

264 

70.3 

24 

23 yi 

458 

127 

21,089 

1795 

10 

oyi 

71.3 

19.8 

536 

113 

26 

25 H 

497 

138 

26,945 

2113 

12 

llH 

86.3 

23.9 

■ai 

\tm 

28 

27 M 

536 

149 

33,795 

2458 

14 

13 H 

101.3 

28.0 

1538 

228 







16 

15 H 

116.3 

32.0 

2327 

ItOHB 

24X24 

23HX23H 

552 

153 

25,415 

2163 

18 

17 

131.3 

36.4 

3350 

383 

26 

25 H 

599 

166 

32,472 

2547 

20 

19H 

146.3 

40.6 

\wm\ 

475 

28 

27 yi 

646 

180 

40,727 

2962 

22 

21 H 

161.3 

44.8 

6211 

578 

30 

20 yi 

693 

193 

50,275 

3108 


All properties and weights given are for dressed sise only. 

The weights given above are based on assumed average weight of 40 pounds per cubic foot. 
Reproduced from “ Manual of Steel Construction,” by courtesy of the American Institute of Steel 
Construction. 
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TABLE 27 

Physical Properties for Steel 

SUiel for Bridges and Buildings ASTM A 7-39 
Structural Rivet Steel ASTM A 141-39 

Structural Silicon SUml ASTM A 94-39 


Property 

Steel for Bridge- 
and Buildings 

Structural 

Rivet 

Steel 

Structural 

Silicon 

Steel 

Plalos, 
Sections, 
and Bars 

Eye-Bar 

Flats, 

ITnaimealed 

Tensile strength, psi 

60,000 to 

67,000 to 

62,000 to 

80,000 to 


72,000 

82,000 

62,000 

95,000 

Yield point, psi. 

0.5 tens. str. 

0.5 tens. str. 

0.5 tens. sir. 


but never less than 

33,000 

36,000 

28,000 

45,000 

Elongation in 8-in. 

1,500,0001 

1,500,000 1 

1,500,000 

1,500,0001 

ininimum percentage 

tens. str. 

tens. str. 

tens. sir. 

tens. str. 

Elongation in 2-in. 

22 

20 


1,600,000 

minimum perctmtage 




tens. str. 


1 The specifications permit a modification of this requirement for material over ^4 in. in thickness or 
under in. 
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TABLE 28 
\AF Shapes 

Properties for Designing 



Nominal 

Size 

Weight 

per 

Foot 

Area 

Depth 

1 Flange 

i 

Web 

Thick- 

ness 

In. 

Axis X-X 

Axis Y-Y 

Width 

Thick- 

ness 

1 

S 


/ 

S 

r 

In. 

In. 

Lb 

In.2 

In. 

In. 

In. 

InA 

In.3 

In. 

In.4 

In.3 

3(i X 

300 

88.17 

36.72 

16.655 

1.680 

0.945 

20290.2 

1105.1 

15.17 

1225.2 

147.1 

3.73 


280 

82.32 

36.50 

16.595 

1.570 

0.885 

18819.3 

1031.2 

15.12 

1127.5 

135.9 

3.70 


260 

76.56 

36.24 

16.555 

1.440 

0.845 

17233.8 

951.1 

15.00 

1020.6 

123.3 

3.65 


245 

72.03 

36.06 

16.512 

1.350 

0.802 

16092.2 

892.5 

14.95 

944.7 

114.4 

3.67 


230 

67.73 

35.88 

16.475 

1.260 

0.765 

14988. 4 

835.5 

14.88 

870.9 

105.7 

3.59 

30 X 12 

194 

57.11 

36.48 

12.117 

1.260 

0.770 

12103.4 

6(a.6 

14.56 

355.4 

58.7 

2.49 


182 

53.54 

36.32 

12.072 

1.180 

0.725 

11281.5 

621.2 

14.52 

327.7 

54.3 

2.47 


170 

49.98 

36.16 

12.027 

1.100 

0.680 

10470.0 

579.1 

14.47 

300.6 

50.0 

2.45 


160 

47.09 

36.00 

12.000 

1.020 

0.653 

9738.8 

541.0 

14.38 

275.4 

45.9 

2.42 


150 

44.16 

35.84 

11.972 

0.940 

0.625 

9012.1 

502.9 

14.29 

250.4 

41.8 

2.38 

33 X 15>4 

240 

70.52 

33.50 

15.865 

1.400 

O.ftJO 

13585. 1 

811.1 

13.88 

874.3 

110.2 

3.52 


220 

64.73 

33.25 

15.810 

1.275 

0.775 

12312.1 

740.6 

13.79 

782.4 

99.0 

3.48 


200 

58.79 

33.00 

15.750 

1.150 

0.715 

11048.2 

669.6 

13.71 

691.7 

87.8 

3.43 

33 X Ilk* 

152 

44.71 

33.50 

11.565 

1.055 

0.635 

8147.6 

486.4 

13.50 

256.1 

44.3 

2.39 


141 

41.51 

33.31 

11.535 

0.960 

0.605 

7442.2 

446.8 

13.39 

229.7 

39.8 

2.35 


130 

38.26 

33.10 

11.510 

0.855 

0.580 

6699.0 

404.8 

1 

13.23 

201.4 

35.0 

2.29 

30 X 15 

210 

61.78 

30.38 

15.105 

1.315 

0.775 

9872.4 

649.9 

12.64 

707.9 

93.7 

3.38 


190 

55.90 

30.12 

15.040 

1.185 

0.710 

8825. 9 

586.1 

12.57 i 

624.6 

83.1 

3.34 


172 

50.65 

29.88 

14.985 

1.065 

0.655 

7891.5 

528.2 

12.48 

550.1 

73.4 

3.30 

30 X 10k 

132 

38.83 

30.30 

10.551 

1.000 

0.615 

5753. 1 

379.7 

12.17 

185.0 

35.1 

2.18 


124 

36.45 

30.16 

10.521 

0.930 

0.585 

5347. 1 

354.6 

12.11 

169.7 

32.3 

2.16 


116 

34.13 

30.00 

10.500 

0.850 

0.564 

4919.1 

327.9 

12.00 

153.2 

29.2 

2.12 


108 

31.77 

29.82 

10.484 

0.760 

0.548 

4461.0 

299.2 

11.85 

135.1 

25.8 

2.06 

27X 14 

177 

52. 10 

27.31 

14.090 

1.190 

0.725 

6728. 6 

492.8 

11.36 

518.9 

73.7 

3.16 


160 

47.04 

27.08 

14.023 

1.075 

0.658 

6018.6 

444.5 

11.31 

458.0 

65.3 

3.12 


145 

1 

42.68 

26.88 

13.965 

0.975 

0.600 

5414.3 1 

402.9 

11.26 

406.9 

58.3 

3.09 

27X 10 

114 

33.53 

27.28 

10.070 

0.932 

0.570 

4080.5 

299.2 

11.03 

149.6 

29.7 

2.11 


102 

30.01 

27.07 

10.018 

0.827 

0.518 

3604.1 1 

266.3 

10.96 

129.5 

25.9 

2.08 


94 

27.65 

26.91 

9.990 

0.747 

0.490 

3266.7 

242.8 

10.87 

115.1 

23.0 

2.04 

24X14 

160 

47.04 

24.72 

14.091 

1.135 

0.656 

5110.3 

413.5 

10.42 

492.6 

69.9 

3.23 


145 

42.62 

24.49 

14.043 

1.020 

0.608 

4561.0 

372.5 

10.34 

434.3 

61.8 

3.19 


130 

38.21 

24.25 

14.000 

0.900 

0.565 

4009.5 

330.7 

10.24 

375.2 

53.6 

3.13 
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TABLE 28 {Continued) 

V\F Shapes 

Properties for Designing 



Nominal 

Size 

Weight 

per 

Foot 

Area 

Depth 

Flange 

Web 

Axis X-X ! 

1 

Axis Y-Y 

Width 

Thick- 

ness 

Thick- 

ness 

1 

8 

r 

I 

S 

r 

In. 

Lb 

Iu.2 

In. 

In. 

In. 

In. 

In.4 

In.3 

In. 

In.4 

In.3 

In. 

24 X 12 

120 

35.29 

24.31 

12.088 

0.930 

0.556 

3635.3 

299.1 

10.15 

254.0 

42.0 

2.68 


110 

32.36 

24.16 

12.042 

0.855 

0.510 

3315.0 

274.4 

10.12 

229.1 

38.0 

2.66 


100 

29.43 

24.00 

12.000 

0.775 

i 

0.468 

2987.3 

248.9 

10.08 

203.5 

. 33.9 

2.63 

24 X 9 

94 

27.63 

24.29 

9.061 

0.872 

0.516 

2683.0 

220.9 

9.85 

102.2 

22.6 

1.92 


84 

24.71 

24.09 

9.015 

0.772 

0.470 

2.364.3 

196.3 

9.78 

88.3 

19.6 

1.89 


76 

22.37 

23.91 

8.985 

0.682 

0.440 

2096.4 

175.4 

9.68 

76.5 

17.0 

1.85 

21 X 13 

142 

41.76 

21.46 

13.132 

1.095 

0.659 

3403.1 

317.2 

9.03 

385.9 

58.8 

3.04 


127 

37.34 

21.24 

13.061 

0.985 

0.588 

3017.2 

284.1 

8.99 

338.6 

51.8 

3.01 


112 

32.93 

21.00 

13.000 

0.865 

0.527 

2620. 6 

249.6 

8.92 

289.7 

44.6 

2.96 

21 X 9 

96 

28.21 

21.14 

9.038 

0.935 

0.575 

2088. 9 

197.6 

8.60 

109.3 

24.2 

1.97 


82 

24.10 

20.86 

8.962 

0.795 

0.499 

1752.4 

168.0 

8.53 

89.6 

20.0 

1.93 

21 X8Vi 

73 

21.46 

21.24 

8.295 

0.740 

0.455 

1600.3 

150.7 

8.64 

66.2 

16.0 

1.76 


68 

20.02 

21.13 

8.270 

0.685 

0.430 

1478.3 

139.9 

8.59 

60.4 

14.6 

1.74 


62 

18.23 

20.99 

8.240 

0.615 

0.400 

1326. 8 

126.4 

8.53 

53.1 

12.9 

1.71 

18 X 11-ti 

114 

33.51 

18.48 

11.833 

0.991 

0.595 

2033.8 

220.1 

7.79 

255.6 

43.2 

2.76 


105 

30.86 

18.32 

11.792 

0.911 

0.554 

1852.5 

202.2 

7.75 

231.0 

39.2 

2.73 


96 

28.22 

18.16 

11.750 

0.831 

0.512 

1674.7 

184.4 

7.70 

206.8 

35.2 

2.71 

18 X SH 

85 

24.97 

18.32 

8.838 

0.911 

0.526 

1429.9 

156.1 

7.57 

99.4 

22.5 

2.00 


77 

22.63 

18.16 

8.787 

0.831 

0.475 

1286.8 

141.7 

7.54 

88.6 

20.2 

1.98 


70 

20.56 

18.00 

8.750 

0.751 

0.438 

1153.9 

128.2 

7.49 

78.5 

17.9 

1.95 


64 

18.80 

17.87 

8.715 

0.686 

0.403 

1045.8 

117.0 

7.46 

70.3 

16.1 

1.93 

18 X 7^2 

60 

17.64 

18.25 

7.558 

0.695 

0.416 

984.6 

107.8 

7.47 

47.1 

12.5 

1.63 


55 

16.19 

18.12 

7.532 

0.630 

0.390 

889.9 

98.2 

7.41 

42.0 

11.1 

1.61 


50 

14.71 

18.00 

7.500 

0.570 

0.358 

800.6 

89.0 

7.38 

37.2 

9.9 

1.59 

16X11H 

96 

28.22 

16.32 

11.533 

0.875 

0.535 

1355. 1 

166.1 

6.93 

207.2 

35.9 

2.71 


88 

25.87 

16.16 

11.502 

0,795 

0.504 

1222.6 

151.3 

6.87 

185.2 

32.2 

2.67 

16 X 8H 

78 

22.92 

16.32 

8.586 

0.875 

0.529 

1042.6 

127.8 

6.74 

87.5 

20.4 

1.95 


71 

20.86 

16.16 

8.543 

0.795 

0.486 

936.9 

115.9 

6.70 

77.9 

18.2 

1.93 


64 

18.80 

16.00 

8.500 

0.715 

0.443 

833.8 

104.2 

6. 66 

68.4 

16.1 

1.91 


58 

17.04 

15.86 

8.464 

0.645 

0.407 

746.4 

94.1 

6.62 

60.5 

14.3 

1.88 
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TABLE 28 {Continued) 
\AF Shapes 

Properties for Designing 



Nominal 

Size 

VV'’eight 

per 

Foot 

Area 

Depth 

Flange 

Web 

Thick- 

ness 

Axis X-X 

Axis Y-Y 

Width 

Thick- 

ness 

/ 

H 

r 

I 

S 

r 

In. 

Lb 

In.* 

In. 

In. 

In. 

In. 

In.‘ 

In.3 

In. 

In.^ 

ln.3 

In. 

16 X 7 

50 

14.70 

16.25 

7.073 

0.628 

0.380 

655.4 

80.7 

6.68 

34.8 

9.8 

1.54 


45 

13.24 

16.12 

7.039 

0.563 

0.346 

.583.3 

72.4 

6.64 

30.5 

8.7 

1.52 


40 

11.77 

16.00 

7.000 

0.503 

0.307 

515.5 

64.4 

6.62 

26.5 

7.6 

1.50 


36 

10.59 

15.85 

6.992 

0.428 

0.299 

446.3 

56.3 

6.49 

22.1 

6.3 

1.45 

UX 16 

426 

1 

[125.25 

18.69 

16.695 

3.033 

1.875 

6610.3 

707.4 

7.26 

2359.5 

282.7 

4.34 


398 

116.98 

18.31 

16.590 

2.843 

1.770 

6013.7 

656.9 

7.17 

2169.7 

261.6 

4.31 


370 

108. 78 

17.94 

16.475 

2.658 

1.655 

5454.2 

608.1 

7.08 

1986.0 

241.1 

4.27 


342 

100.59 

17.56 

16.365 

2.468 

1.545 

4911.5 

559.4 

6.99 

1806.9 

220.8 

4.24 


314 

92.30 

17.19 

16.235 

2.283 

1.415 

4399.4 

511.9 

6.90 

1631.4 

201.0 

4.20 


287 

84.37 

16.81 

16. 130 

2.093 

1.310 

3912.1 

465.5 

6.81 

1466.5 

181.8 

4.17 


264 

77.63 

16.50 

16.025 1 

1.938 

1.205 

3526.0 

427.4 

6.74 

1331.2 

166.1 

4.14 


246 

72.33 

16.25 

15.945 

1.813 

1.125 

3228.9 

397.4 

6.68 

1226.6 

153.9 

4.12 


237 

69.69 

16.12 

15.910 

1.748 

1.090 

3080.9 

382.2 

6.65 

1174.8 

147.7 

4.11 


228 

67.06 

16.00 

15.865 

1.688 

1.045 

2942.4 

367.8 

6.62 

1124.8 

141.8 

4.10 


219 

64.36 

15.87 

15.825 

1.623 

1.005 

2798.2 

352.6 

6.59 

1073.2 

135.6 

4.08 


211 

62.07 

15.75 

15.800 

1.563 

0.980 

2671.4 

339.2 

6.56 

1028. 6 

130.2 

4.07 


202 

59.39 

15.63 

15.750 

1.503 

0.930 

2538.8 

324.9 

6.54 

979.7 

124.4 

4.06 


193 

56.73 

15.50 

15.710 

1.438 

0.890 

2402.4 

310.0 

6.51 

930.1 

118.4 

4.05 


184 

54.07 

15.38 

15.660 

1..378 

0.840 

2274.8 

295.8 

6.49 

882.7 1 

112.7 

4.04 


176 

51.73 

15.25 

15.640 

1.313 

0.820 

2149.6 

281.9 

6.45 

837.9 

107.1 

4.02 


167 

49.09 

15.12 

15.600 

1.248 

0.780 

2020.8 

267.3 

6.42 

790.2 

101.3 

4.01 


158 

46.47 

15.00 

15.550 

1.188 

0.730 

1900.6 

253.4 

6.40 

745.0 

65.8 

4.00 


150 

44.08 

14.88 

15.515 

1.128 

0.695 

1786.9 

240.2 

6.37 

702.5 

90.6 

3.99 


142 

41.85 

14.75 

15.500 

1.063 

0.680 

1672.2 

226.7 

6.32 

660.1 

85.2 

3.97 


3201 

94.12 

16.81 

16.710 

2.093 

1.890 

4141.7 

492.8 

6.63 

1635.1 

195.7 

4.17 

14 X Wz 

136 

39.98 

14.75 

14.740 

1.063 

0.660 

1593.0 

216.0 

6.31 

567.7 

77.0 

3.77 


127 

37.33 

14.62 

14.690 

0.998 

0.610 

1476.7 

202.0 

6.29 

527.6 

71.8 

3.78 


119 

34.99 

14.50 

14.650 

0.938 

0.570 

1373.1 

189.4 

6.26 

491.8 

67.1 

3.75 


111 

32.65 

14.37 

14.620 

0.873 

0.540 

1266.5 

176.3 

6.23 

454.9 

62.2 

3.73 


103 

30.26 

14.25 

14.575 

0.813 

0.495 

1165.8 

163.6 

6.21 

419.7 

57.6 

3.72 


95 

27.94 

14.12 

14.545 

0.748 

0.465 

1063.5 

150.6 

6.17 

383.7 

52.8 

3.71 


87 

25.56 

14.00 

14.500 

0.688 

0.420 

966.9 

138.1 

6.15 

349.7 

48.2 

3.70 

14X 12 

84 

24.71 

14.18 

12.023 

0.778 

0.451 

928.4 

130.9 

6.13 

225.5 

37.5 

3.02 


78 

22.94 

14.06 

12.000 

0.718 

0.428 

851.2 

121.1 

6.09 

206.9 

34.5 

3.00 

14X10 

74 

21.76 

14.19 

10.072 

0.783 

0.450 

796.8 

112.3 

6.05 

133.5 

26.5 

2.48 


68 

20.00 

14.06 

10.040 

0.718 

0.418 

724.1 

103.0 

6.02 

121.2 

24.1 

2.46 


61 

17.94 

13.91 

10.000 

0.643 

0.378 

641.5 

92.2 

5.98 

107.3 

21.5 

2.45 
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TABLE 28 (Continued) 
\AF •Shapes 

Properties for Designing 



Nominal 

Size 

Weight 

per 

Foot 

Area 

Depth 

Flange 

W'eb 

Thick- 

ne.s8 

1 

AxieX-X j 

Axis Y-Y 

Width 

Thick- 

ness 

I 

S 

r 

1 

S 

r 

In. 

Lb 

ln.2 

In. 

In. 

In. 

In. 

In.4 

In.» 

In. 

In.4 

In.* 

In. 

14 X8 

53 

15.59 

13.94 

8.062 

0.658 

0.370 

542.1 

77.8 

5.90 

57.5 

14.3 

1.92 


48 

14.11 

13.81 

8.031 

0.593 

0.339 

484.9 

70.2 

5.86 

51.3 

12.8 

1.91 


43 

12.65 

13.68 

8.000 

1 0.528 

0.308 

429.0 

62.7 

5.82 

45.1 

11.3 

1.89 

14 X m 

38 

11.17 

14.12 

6.776 

0.513 

0.313 

385.3 

54.6 

5.87 

24.6 

7.3 

1.49 


34 

10.00 

14.00 

6.750 

0. 453 

0.287 

339.2 

48.5 

5.83 

21.3 

6.3 

1.46 


30 

8.81 

13.86 

6.733 

0.383 

0.270 

289.6 

41.8 

5.73 

i 17.5 

1 5.2 

1.41 

12 X 12 

190 

55.86 

14.38 

12.670 

1.736 

1.060 

1892.5 

263.2 

5.82 

589.7 

93.1 

3.25 


161 

47.38 

13.88 

12.515 

1.486 

0.905 

1541.8 

222.2 

5.70 

486.2 

77.7 

3.20 


133 

39.11 

13.38 

12.365 

1.236 

0.755 

1221.2 

182.5 

5.59 

389.9 

63.1 

3.16 


120 

35.31 

13.12 

12.320 

1.106 

0.710 

1071.7 

163.4 

5.51 

345.1 

56.0 

3.13 


106 

31.19 

12.88 

12.230 

0.986 

0.620 

930.7 

144.5 

5.46 

300.9 

49.2 

3.11 


99 

29.09 

12.75 

12.190 

0.921 

0.580 

858.5 

134.7 

5.43 

278.2 

45.7 

3.09 


02 

27.08 

12.62 

12. 155 

0.856 

0.545 

788.9 

125.0 

5.40 

256.4 

42.2 

3.08 


85 

24.98 

12.50 

12.105 

0.796 

0.495 

723.3 

115.7 

5.38 

235.5 

38.9 

3.07 


79 

23.22 

12.38 

12.080 

0.736 

0.470 

663.0 

107.1 

5.34 

216.4 

35.8 

3.05 


72 

21.16 

12.25 

12.040 

0. 671 

0.430 

597.4 

97.5 1 

5.31 

195.3 

32.4 

3.04 


65 

19.11 

12.12 

12.000 

0.606 

0.390 

533.4 

88.0 

5.28 

174.6 

29.1 

3.02 

12X 10 

58 

17.06 

12.19 

10.014 

0.641 

0.359 

476.1 

78.1 

5.28 

107.4 

21.4 

2.51 


53 

15.59 

12.06 

10.000 

0.576 

0.345 

426.2 

70.7 

5.23 

96.1 

19.2 

2.48 

12X8 

50 

14.71 

12.19 

8.077 

0.641 

0.371 

394.5 

64.7 

5.18 

56.4 

14.0 

1.96 


45 

13.24 

12.06 

8.042 

0.576 

0.336 

350.8 

58.2 

5.15 

50.0 

12.4 

1.94 


40 

11.77 

11.94 

8.000 

0.516 

0.294 

310.1 

51.9 

5.13 

44.1 

11.0 

1.94 

12 X 6^2 

36 

10.59 

12.24 

6.565 

0.540 

0.305 

280.8 

45.9 

5.15 

23.7 

7.2 

1.50 


31 

9.12 

12.09 

6.525 

0.465 

0.265 

238.4 

39.4 

5.11 

19.8 

6.1 

1.47 


27 

7.97 

11.95 

5.500 

0.400 

0.240 

204.1 

34.1 

5.06 

16.6 

5.1 

1.44 

10 X 10 

112 

32.92 

11.38 

10.415 

1.248 

0.755 

718.7 

126.3 

4.67 

235.4 

45.2 

2.67 


100 

29.43 

11.12 

10.345 

1.118 

0.685 

625.0 

112.4 

4.61 

206.6 

39.9 

2.65 


89 

26.19 

10.88 

10.275 

0.998 

0.615 

542.4 

99.7 

4.55 

180.6 

35.2 

2.63 


77 

22.67 

10.62 

10. 195 

0.868 

0.535 

457.2 

86.1 

4.49 

153.4 

30.1 

2.60 


72 

21.18 

10.50 

10.170 

0.808 

0.510 

420.7 

80.1 

4.46 

141.8 

27.9 

2.59 


66 

19.41 

10.38 

10,117 

0.748 

0.457 

382.5 

73.7 

4.44 

129.2 

25.5 

2.58 


60 

17.66 

10.25 

10.075 

0.683 

0.415 

343.7 

67.1 

4.41 

116.5 

23.1 

2.57 


54 

15.88 

10.12 

10.028 

0.618 

0.368 

305.7 

60.4 

4.39 

103.9 

20.7 

2.56 


49 

14.40 

10.00 

10.000 

0.558 

0.340 

272.9 

54.6 

4.35 

93.0 

18.6 

2.54 
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TABLE 28 {CorUinued) 
\AF Shapes 

Properties for Designing 



Nominal 

Size 

Weight 

per 

Foot 

Area 

Depth 

Flange 

Web 

Thick- 

ness 

Axis X-X 

Axis y-r 

Width 

Thick- 

ness 

I 

S 

r 

I 

S 

r 

In. 

Lb 

In.2 

In. 

In. 

In. 

In. 

In* 

In.3 

In. 

la* 

In.3 

. 

In. 

10X8 

45 

13.24 

10.12 

8.022 

0.618 

0.3.50 

248.6 

49.1 

4.33 

53.2 

13.3 

2.00 


39 

11. 4S 

9.94 

7.990 

0.528 

0.318 

209.7 

42.2 

4.27 

44.9 

11.2 

1.98 


33 

9.71 

9.75 

7.964 

0.433 

0.292 

170.9 

35.0 

4.20 

36.5 

9.2 

1.94 

10X5^4 

29 

8.53 

10.22 

5.799 

0.500 

0.289 

157.3 

30.8 

4.29 

15.2 

5.2 

1.34 


25 

7.35 

10.08 

5.762 

0.430 

0.252 

133.2 

26.4 

4.26 

12.7 

4.4 

1.31 


21 

6. 19 

9.90 

5.750 

0.340 

0.240 

1 

106.3 

21.5 

4.14 

9.7 

3.4 

1.25 

8X8 

67 

19.70 

9.00 

8.287 

0.933 

0.575 

271.8 

60.4 

3.71 

88.6 

21.4 

2.12 


58 

17.06 

8.75 

8.222 

0.808 

0.510 

227.3 

52.0 

3.65 

74.9 

18.2 

2.10 


48 

14.11 

8.50 

8.117 

0.683 

0.405 

183.7 

43.2 

3.61 

60.9 

15.0 

2.08 


40 

11.76 

8.25 

8.077 

0.558 

0.365 

146.3 

35.5 

3.53 

49.0 

12.1 

2.04 


35 

10.30 

8.12 

8.027 

0.493 

0.315 

126.5 

31.1 

3.50 

42.5 

10.6 

2.03 


31 

9. 12 

8.00 

8.000 

0.433 

0.288 

109.7 

27.4 

3.47 

37.0 

9.2 

2.01 

8X6^ 

28 

8.23 

8.06 

6.540 

0.463 

0.285 

97.8 

24.3 

3.45 

21.6 

6.6 

1.62 


24 

7.06 

7.93 

6.500 ! 

0.398 

0.245 

82.5 

20.8 

3.42 

18.2 

5.6 

1.61 

8 X 6M 

20 

5.88 

8.14 

5.268 

0.378 

0.248 

69.2 

17.0 

3.43 

8.5 

3.2 

1.20 


17 

5.00 

8.00 

5.250 

0.308 

0.230 

56.4 

14.1 

3.36 

6.7 

2.6 

1.16 


Reprinted from “Steel Construction,” by courtesy of the American Institute of Steel Construction. 




APPENDIX 



TABLE 29 
V\F Shapes 

Miscellaneous (B) Columns and Beams 

Properties for Designing 



Nominal 

Size 

Weight 

per 

Foot 

Area 

Depth 

Flange 

Web 
Thick- 
ness 1 

Axis X-X 

Axis Y-Y 

Width 

Thick- 

ness 

I 

H 

r 

I 

s 

r 

In. 

I.b 

In.* 

In. 

In. 

In. 

In. 

In.4 

In.3 

In. 

In.4 

In.3 

In. 


\AF Shapes and Light Columns 


G VW 

25 

7.37 

G.37 

G.080 

0.456 

0.320 

53.5 

16.8 

2.69 

17.1 

5.6 

1.52 

6X6 

20 

5.90 

6.20 

6.018 

0.367 

0.258 

41.7 

13.4 

2.66 

13.3 

4.4 

1.50 


15.5 

4.62 

6.00 

6.000 

0.269 

0.240 

30.3 

10.1 

2.56 

9.69 

3.2 

1.45 

5W^ 

18.5 

5.45 

5.12 

5.025 

0.420 

0.265 

25.4 

9.94 

2.16 

8.89 

3.54 

1.28 

5X5 

16 

4.70 

5.t)0 

5.000 

0.360 

0.240 

21.3 

8.53 1 

2.13 

7.51 

3.00 

1.26 

4 VW 

13 

3.82 

4.16 

4.060 

0.345 1 

0.280 

11.3 

5.45 

1.72 

3.76 

1.85 

0.99 

4X4 

10 

2.93 

4.00 

1 

4.000 

0.265 

0.220 

8.31 

4.16 

1.68 

2.74 

1.37 

0.97 


Light Beams 


12 

X 

4 

22 

6.47 

12.31 

4.030 

0.424 

0.260 

155.7 

25.3 

4.91 

4.55 

2.26 

0.84 




19 

5.62 

12.16 

4.010 

0.349 

0.240 

130.1 

21.4 

4.81 

3.67 

1.83 

0.81 




16h 

4.86 

12.00 

4.000 

0.269 

0.230 

105.3 

17.5 

4.65 

2.79 

1.39 

0.76 

10 

X 

4 

19 

5.61 

10.25 

4.020 

0.394 

0.250 

96.2 

18.8 

4.14 

4.19 

2.08 

0.86 




17 

4.98 

10.12 

4.010 

0.329 

0.240 

81.8 

16.2 

4.05 

3.45 

1.72 

0.83 




15 

4.40 

10.00 

4.000 

0.269 

0.230 

68.8 

13.8 

3.95 

2.79 

1.39 

0.80 

8 

X 

4 

15 

4.43 

8.12 

4.015 

0.314 

0.245 

48.0 

11.8 

3.29 

3.30 

1.65 

0.86 




13 

3.83 

8.00 

4.000 

0.254 

0.230 

39.5 

9.88 

3.21 

2.62 

1.31 

0.83 

6 

X 

4 

16 

4.72 

6.25 

4.030 

0.404 

0.260 

31.7 

10.1 

2.59 

4.32 

2.14 

0.96 




12 

3.53 

6.00 

4.000 

0.279 

0.230 

21.7 

7.24 

2.48 

2.89 

1.44 

0.90 


Joists 


12 

X 

4 

14 

4.14 

11.91 

3.970 

0.224 

0.200 

88.2 

14.8 

4.61 

2.25 

1.13 

0.74 

10 

X 

4 

IIH 

3.39 

9.87 

3.950 

0.204 

0.180 

51.9 

10.5 

3.92 

2.01 

1.02 

0.77 

8 

X 

4 

10 

2.95 

7.90 

3.940 

0.204 

0.170 

30.8 

7.79 

3.23 

1.99 

1.01 

0.82 

6 

X 

4 

8K‘ 

2.50 

5.83 

3.940 

0.194 

0.170 

14.8 

5.07 

2.43 

1.89 

0.96 

0.87 


Above shapes are all rolled by Bethlehem Steel Co. and Carnegie-Illinois Steel Corp., except 4 V\F 13 
which is rolled by Bethlehem Steel Co. only. 

Reprinted from "Steel Construction," by courtesy of the American Institute of Steel Construction. 
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TABLE 30 

Miscellaneous Shapes 

Properties for Designing 



Nominal 

Weight 

Area 


Width 

of 

Flange 

Web 

Thick- 

ness 

Axis X-X 

Axis y-y 

Size 

per 

Foot 

Depth 

I 

R 

r 

/ 

8 

r 

In. 

Lb 

In.2 

In. 

In. 

In. 

In.-* 

In.s 

In. 

111.4 

In.3 

In. 


Lieht Columns 


■ 8 

X 

8 » 

34.3 

10.09 

8.00 

8.000 

0.375 

115.5 

28.9 

3.40 

35.1 

8.8 

1.87 

6 

X 

61 

25.0 

7.35 

6.00 

5.938 

0.313 

47.0 

15.7 

2.53 

14.9 

5.0 

1.43 




20.0 

5.88 

6.00 

5.938 

0.250 

38.8 

12.9 

2.57 

11.4 

3.8 

1.39 

5 

X 

52 

18.9 

5.56 

5.00 

5.000 

0.313 

23.8 

9.5 

2.08 

7.8 

3.1 

1.20 

4 

X 

48 

13.0 

3.82 

4.00 

3.937 

0.250 

10.4 

5.2 

1.65 

3.4 

1.7 

0.94 


Standard Mill Beams 


10 X hVi . 4 

25 

7.35 

9.90 

5.86 

0.35 



3.99 

9.84 

3.36 

1.16 

21 

6.18 

9.90 

5.74 

0.24 

107.5 

21.7 

4.17 

9.30 

3.24 

1.22 

SXM * 

28 

8.23 

8.00 

6.65 

0.39 

90.1 

22.5 

3.31 

17.73 

5.33 

1.47 


24 

mism 

8.00 

6.50 

0.24 

83.8 

21.0 

3.45 

16.52 

5.08 

1.53 

8 X 5 H 4 

20 

5.88 

8.00 

5.36 

0.35 

60.7 

15.2 

3.22 

6.60 

2.46 

1.06 


17 

5.00 

8.00 

5.25 

0.24 

56.0 

mam 

3.35 

mmiM 


mwim 


Junior Beams 


12 X 3 * 

11.8 

3.45 

12.00 

3.063 

0.175 

72.2 

12.0 

4.57 

0.98 

0.64 

0.53 

11 X 


3.01 

11.00 

2.844 

0.165 

53.1 

9.6 

4.20 

0.75 

0.52 

0.50 

10 X 2 )4 8 


2.64 

10.00 

2.688 

0.155 

39.0 

7.8 

3.85 

0.61 

0.45 

0.48 

9 X 2)4 8 

7.5 

2.20 

9.00 

2.375 

0.145 

26.2 

5.8 

3.45 

0.39 

0.33 

0.42 

8 X 2 H 8 

6.5 

1.92 

8.00 

2.281 

0.135 

18.7 

4.7 

3.12 

0.34 

0.30 

0.42 

7 X 2)48 

5.5 

1.61 

7.00 

2.078 

0.126 

12.1 

3.5 

2.74 

0.25 

0.24 

0.39 

6 X 1)4 8 

4.4 



1.844 

0.114 

7.3 

2.4 

2.37 

0.17 


0.36 


y 



y 


Nominal 

Weight 


Depth 

Width 

Web 

Axis X- 

X 

Axis y-y 

Size 

Foot 


Flange 

X 

ness 

I 

8 

T 

I 

8 

r 

X 

In. 



In. 

In. 

In. 

InJ 

In.» 

In. 

In.4 

In.3 

In. 

In. 

12 X 1)4 8 

10.6 

3.12 


1.500 


55.8 

0.3 

4.23 

0.39 

0.32 

0.35 

Ill 

10 X 1)4 8 

8.4 

2.47 

1 10.00 1 

1.500 


32.3 

6.5 

3.61 

0.33 

0.28 

0.37 

0.29 

10 X 

6.5 

1.91 

1 10.00 

1.125 


22.1 

4.4 

3.47 

da 

0.13 

0.25 

lo.ig 


I Rolled by Carnegie'Illinoia Steel Corp., Inland Steel Co., and The Phoenix Iron Co.-M. 
s Rolled by Carnegie-Illinois Steel Corp. and Bethlehem Steel Co.-B. 

* Rolled by Camesie-Illinois Steel Corp.-B. 

* Rolled by The Phoenix Iron Co.-M. 

B Rolled by Jones & Laghlin Steel Corp.<Jr. 

Reprinted from "Steel Construction,’ ’ by courtesy of the American Institute of Steel Construction. 
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TABLE 31 
American Standard 
Beams 

Properties for Designing 



Nominal 

Size 

Weight 

per 

Foot 

Area 

Depth 

Flang- 

Web 

Thick- 

ness 

Axis X~ X 

Axis Y-Y 

Width 

Thick- 

ness 

I 

S 

r 

I 

S 

r 

In. 

Lb 

In.2 

In. 

In. 

In. 

In. 

In.4 

In.3 

In. 

In.4 

In.3 

In. 

24 X 

120.0 

35.13 

24.00 

8.048 

1.102 

0.798 

3010.8 

2.50.9 

9.26 

84.9 

21.1 

1.56 


105.9 

30.98 

24.00 

7.875 

1.102 

0.625 

2811.5 

234.3 

9.53 

78.9 

20.0 

1.60 

24 X 7 

100.0 

29.25 

24.00 

7.247 

0.871 

0.747 

2371.8 

197.6 

9.05 

48.4 

13.4 

1.29 


90.0 

26.30 

24.00 

7.124 

0.871 

0.624 

2230.1 

18.5.8 

9.21 

45.5 

12.8 

1.32 


79.9 

23.33 

1 24.00 

7.000 

0.871 

0.500 

2087.2 

173.9 

9.46 

42.9 

12.2 

1.36 

20 X 7 

95.0 

27.74 

20.00 

7.200 

0.916 

0.800 

1599.7 

160.0 

7.59 

50.5 

14.0 

1.35 


85.0 

24.80 

20.00 

7.053 

0.916 

0.653 

1501.7 

150.2 

7.78 

47.0 

13.3 

1.38 

20 X (m 

75.0 

21.90 

20.00 

6.391 

0.789 

0.641 

1263.5 

126.3 

7.60 

30.1 

9.4 

1.17 


65.4 

19.08 

20.00 

6.250 

0.789 

0.500 

1169.5 

116.9 

7.83 

27.9 

8.9 

1.21 

18 X 6 

70.0 

20.40 

18.00 

6.251 

0.691 

0.711 

917.5 

101.9 

6.70 

24.5 

7.8 

1.09 


54.7 

15.94 

18.00 

6.000 

0.691 

0.460 

795.5 

88.4 

7.07 

21.2 

7.1 

1.15 

15 X 

50.0 

14.59 

15.00 

5.640 

0.622 

0.550 

481.1 

64.2 

5.74 

16.0 

5.7 

1.05 


42.9 

12.49 

15.00 

5.500 

0.622 

0.410 

441.8 

68.9 

5.95 

14.6 

6.3 

1.08 

12 X 5M 

50.0 

14.57 

12.00 

5.477 

0.659 

0.687 

301.6 

50.3 

4.65 

16.0 

5.8 

1.05 


40.8 

11.84 

12.00 

5.250 

0.659 

0.460 

268.9 

I 

44.8 

4.77 

13.8 

5.3 

1.08 

12 X 5 i 

35.0 

10.20 

12.00 

5.078 

0..544 

0.428 

227.0 

37.8 

4.72 

10.0 

3.9 

0.99 


31.8 

9.26 

12.00 

5.000 

0.544 

0.350 

215.8 

36.0 

4.83 

9.5 

3.8 

1.01 

10 X 4H 

35.0 

10.22 

10.00 

4.944 

0.491 

0.594 

145.8 

29.2 

3.78 

8.5 

3.4 

0.91 


25.4 

7.38 

10.00 

4.660 

0.491 

0.310 

122.1 

24.4 

4.07 

6.9 

3.0 

0.97 

8X4 

23.0 

6.71 

8.00 

4.171 

0.425 

0.441 

64.2 

16.0 

3.09 

4.4 

2.1 

0.81 


18.4 

5.34 

8.00 

4.000 

0.425 

0.270 

66.9 

14.2 

3.26 

3.8 

1.9 

0.84 

7 X 3H 

20.0 

5.8:5 

7.00 

3.860 

0.392 

0.450 

41.9 

12.0 

2.68 

3.1 

1.6 

0.74 


15.3 

4.43 

7.00 

3.660 

0.392 

0.250 

36.2 

10.4 

2.86 

2.7 

1.5 

0.78 

6 X 

17.25 

5.02 

6.00 

3.565 

0.359 

0.465 

26.0 

8.7 

2.28 

2.3 

1.3 

0.68 


12.5 

3.61 

6.00 

3.330 

0.359 

0.230 

21.8 

7.3 

2.46 

1.8 

1.1 

0.72 

5X3 

14.75 

4.29 

5.00 

3.284 

0.326 

0.494 

15.0 

6.0 

1.87 

1.7 

1.0 

0.63 


10.0 

2.87 

5.00 

3.000 

0.326 

0.210 

12.1 

4.8 

2.05 

1.2 

0.82 

0.65 

4 X 2H 

9.5 

2.76 

4.00 

2.796 

0.293 

0.326 

6.7 

3.3 

1.56 

0.91 

0.65 

0.58 


7.7 

2.21 

4.00 

2.660 

0.293 

0.190 

6.0 

3.0 

1.64 

0.77 

0.58 

0.59 

3 X 2H 

7.5 

2.17 

3.00 

2.509 

0.260 

0.349 

2.9 

1.9 

1.15 

0.59 

0.47 

0.52 


5.7 

1.64 

3.00 

2.330 

0.260 

0.170 

2.5 

1.7 

1.23 

0.46 

0.40 

0.53 


Reprinted from “Steel Construction,” by courtesy of the American Institute of Steel Construction. 
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TABLE 32 
American Standard 
Channels 

Properties for Designing 



Nominal 

Size 

Weight 

per 

loot 

Area 

Depth 

Flange 

Web 

Thick- 

ness 

.Axis X-X 

Axis Y-Y 

Width 

Average 

Thick- 

ness 

I 

S 

r 

I 

S 

r 

X 

In. 

Lb 

In.2 

In. 

In. 

In. 

In. 

In.-* 

In.* 

In. 

! In.-* 

In.3 

In. 

In. 

18 X 41 

58.0 

16.98 

18.00 

4.200 

0.625 

0.700 

670.7 

74.5 

6.29 

18.5 

5.6 

l.Ot 

0.88 


51.9 

15.18 

18.00 

4.100 

0.625 

0.600 

622.1 

69.1 

6.40 

17.1 

5.3 

1.06 

0.87 


45.8 

13.38 

18.00 

4.000 

0.625 

0.500 

573.5 

63.7 

6.55 

15.8 

5.1 

1.09 

0.80 


42.7 

12.48 

18.00 

3.950 

0.625 

0.450 

549.2 

61.0 

6.64 

15.0 

4.9 

1.10 

0.90 

15 X 3H 

50.0 

14.64 

15.00 

3.716 

0.650 

0.716 

401.4 

' 53.6 

5.24 

11.2 

3.8 

0.87 

0.80 


40.0 

11.70 

15.00 

3.520 

0.650 

0.5‘20 

346.3 

46.2 

5.44 

0.3 

3.4 

0.89 

0.78 


33.9 

9.90 

15.00 

3.400 

0.650 

0.400 

312.6 

41.7 

5.62 

8.2 

3.2 

0.91 

0.79 

12 X 3 

30.0 

! 8.79 

12.00 

3.170 

0.501 

0.510 

161.2 

26.9 

4.28 

5.2 

2.1 

0.77 

0.68 


25.0 

7.32 

12.00 

3.047 

0.501 

0.387 

143.5 

1 23.9 

4.43 

4.5 

1.9 

0.79 

0.68 


20.7 

0.03 

12.00 

1 2.940 

O.-’iOl 

0.280 

128.1 

21.4 

4.61 

3.9 

1.7 

0.81 

0.70 

10 X 2H 

30.0 

8.80 

10.00 

3.033 

0.436 

0.673 

103.0 

20.6 

3.42 

4.0 

1.7 

0.67 

0.65 


25.0 

7.33 

10.00 

2.886 

0.436 

0.526 

90.7 

18.1 

3..52 

3.4 

1.5 

0.68 

0.62 


20.0 

5.86 

10.00 

2.739 

0.436 

0.379 

78.5 

15.7 

3.66 

2.8 

1.3 

0.70 

0.61 


'5.3 

4.47 

10.00 

2.600 

0.436 

0.240 

66.9 

13.4 

3.87 

2.3 

1.2 

0.72 

0.64 

9 X 2M 

20.0 

5.86 

9.00 

2.048 

0.413 

0.448 

60.6 

13.5 

3.22 

2.4 

1.2 

0.65 

0.59 


15.0 

4.39 

9.00 

2.485 

0.413 

0.285 

50.7 

11.3 

3.40 

1.9 

1.0 

0.67 

0.59 


13.4 

3.89 

9.00 

2.430 

0.413 

0.230 

47.3 

10.5 

3.49 

1.8 

0.97 

0.67 

0.61 

8 X 2y^ 

18.75 

5.49 

8.00 

2.527 

0.390 

0.487 

43.7 

10.9 

2.82 

2.0 

1.0 

0.60 

0.57 


13.75 

4.02 

8.00 

2.343 

0.390 

0.303 

35.8 

9.0 

2.99 

1.5 

0.86 

0.62 

0.56 


11.5 

3.36 

8.00 

2.260 

0.390 

0.220 

32.3 

8.1 

3.10 

1.3 

0.79 

0.63 

0.58 

7 X 2M 

14.75 

4.32 

7.00 

2.299 

0.366 

0,419 

27.1 

7.7 

2.51 

1.4 

0.79 

0.57 

0.53 


12.25 

3..58 

7.00 

2.194 

0.366 

0.314 

24.1 

6.9 

2..59 

1.2 

0.71 

0.58 

0.53 


9.8 

2.85 

7.00 

2.090 

0.366 

0.210 

21.1 

6.0 

2.72 

0.98 

0.63 

0.59 

0.55 

6X2 

13.0 

3.81 

6.00 

2.157 

0.343 

0.437 

17.3 

5.8 

2.13 

1.1 

0.65 

0.53 

0.52 


10.5 

3.07 

6.00 

2.034 

0.343 

0.314 

15.1 

5.0 

2.22 

0.87 

0.57 

0.53 

0.50 


8.2 

2.39 

6.00 

1.920 

0.343 

0.200 

13.0 

4.3 

2.34 

0.70 

0.50 

0.54 

0.52 

5 X 1)4 

9.0 

2.63 

5.00 

1.885 

0.320 

0.325 

8.8 

3.5 

1.83 

0.64 

0.45 

0.49 

0.48 


6.7 

1.95 

5,00 

1.750 

0.320 

0.190 

7.4 

3.0 

1.95 

0.48 

0.38 

0.50 

0.49 

4 X IH 

7.25 

2.12 

4.00 

1.720 

0.296 

0.320 

4.5 

2.3 

1.47 

0.44 

0.35 

0.46 

0.46 


5.4 

1.56 

4.00 

1.580 

0.296 

0.180 

3.8 

1.9 

1.56 

0.32 

0.29 

0.45 

0.46 

3 X m 

6.0 

1.75 

3.00 

1.596 

0.273 

0.356 

2.1 

1.4 

1.08 

0.31 

0.27 

0.42 

0.46 


5.0 

1.46 

3.00 

1.498 

0.273 

0.2.58 

1.8 

1.2 

1.12 

0.25 

0.24 

0.41 

0.44 


4.1 

1.19 

3.00 

1.410 

0.273 

0.170 

1.6 

1.1 

1.17 

0.20 

0.21 

0.41 

0.44 


1 Car and Shipbuilding Channel; not an American Standard. 

Reprinted from ''Steel Construction," by courtesy of the American Institute of Steel Construction. 
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TABLE 33 

- 

Y 

4 

1 Angles 



1 Equal Legs 

X - 

\ 

Properties for Designing 




Y 


Size 

Thick- 

ness 

Weight 

per 

Foot 

Area 

A>:is X-X and Axis Y-Y 

Axis 

Z-Z 

I 


r 

X or y 

r 

In. 

In. 

Lb 

In.2 

In.4 

In.® 

In. 

In. 

In. 

8 

X 8 

m 

56.9 

16.73 

98. 0 

17.5 

2.42 

2.41 

1.56 



1 

51.0 

15.00 

89.0 

15.8 

2.44 

2.37 

1.56 




45.0 

13.23 

79.6 

14.0 

2.45 

2.32 

1.57 



H 

38.9 

11.44 

69.7 

12.2 

2.47 

2.28 

1.57 



H 

32.7 

9.61 

59.5 

10.3 

2.49 

2.23 

1.58 




29.6 

8.68 

54.1 

9.3 

2.50 

2.21 

1.58 




26.4 

7.75 

48.6 

8.4 

2.50 

2.19 

1.59 

6 

X6 

1 

37.4 

11.00 

35.5 

8.6 

1.80 

1.86 

1.17 



% 

33.1 

9.73 

31.9 

7.6 

1.81 

1.82 

1.17 



% 

28.7 

8.44 

28.2 

6.7 

1.83 

1.78 

1.17 



% 

24.2 

7.11 

24.2 

5.7 

1.84 

1.73 

1.18 



Ke 

21.9 

6.43 

22.1 

5.1 

1.85 

1.71 

1.18 




19.6 

5.75 

19.9 

4.6 

1.86 

1.68 

1.18 



Ke 

17.2 

5.06 

17.7 

4.1 

1.87 

1.66 

1.19 




14.9 

4.36 

15.4 

3.5 

1.88 

1.64 

1.19 



He 

12.5 

3.66 

13.0 

3.0 

1.89 

1.61 

1.19 

5 

X5 

% 

27.2 

7.98 

17.8 

5.2 

1.49 

1.57 

0.97 



Ha 

23.6 

6.94 

15.7 

4.5 

1.51 

1.52 

0.97 



% 

20.0 

5.86 

13.6 

3.9 

1.52 

1.48 

0.98 



H 

16.2 

4.75 

11.3 

3.2 

1.54 

1.43 

0.98 



He 

14.3 

4.18 

10.0 

2.8 

1.55 

1.41 

0.98 



% 

12.3 

3.61 

8.7 

2.4 

1.56 

1.39 

0.99 



He 

10.3 

3.03 

7.4 

2.0 

1.57 

1.37 

0.99 

4 

X4 

H 

18.5 

5.44 

7.7 

2.8 

1.19 

1.27 

0.78 



% 

15.7 

4.61 

6.7 

2.4 

1.20 

1.23 

0.78 



H 

12.8 

3.75 

5.6 

2.0 

1.22 

1.18 

0.78 



He 

11.3 

3.31 

5.0 

1.8 

1.23 

1.16 

0.78 



% 

9.8 

2.86 

4.4 

1.5 

1.23 

1.14 

0.79 



He 

8.2 

2.40 

3.7 

1.3 

1.24 

1.12 

0.79 



K 

6.6 

1.94 

3.0 

1.1 

1.25 

1.09 

0.80 




Reprinted from **Steel Construction,** by courtesy of the American Institute of Steel Construction. 
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TABLE 34 
Angles 
Unequal Legs 
Properties for Designing 


X 


ra\ 
y z 



Size 

Thick - 

WeiKlit 

per 

Foot 


Axis X~X 

Axis Y~ Y 

Axis Z~Z 



ness 


I 

S 

r 

1/ 

I 

S 

r 

X 

r 

Tan a 


In . 

In . 

Lb 

In .2 

In .4 

Ill .3 

In . 

In . 

In .4 

In .8 

In . 

In . 

In . 

In . 

9 

X 4 

1 

40.8 

12.00 

97.0 

17.6 

2.84 

3.50 

12.0 

4.0 

1.00 

1.00 

0.83 

0.203 



li 

36.1 

10.61 

86.8 

15.7 

2.86 

3.45 

10.8 

3.6 

1.01 

0.95 

0.84 

0.208 




31.3 

9.19 

76.1 

13.6 

2.88 

3.41 

9.6 

3.1 

1.02 

0.91 

0.84 

0.212 




2(5.3 

7.73 

64.9 

11.5 

2.90 

3.36 

8.3 

2.6 

1.04 

0.86 

0.85 

0.216 



!?'ia 

23.8 

7.00 

.59.1 

10.4 

2.91 

3.33 

7.6 

2.4 

1.04 

0.83 

0.85 

0.218 



H 

21.3 

6.25 

53.2 

9.3 

2.92 

3.31 

6.9 

2.2 

1.05 

0.81 

0.85 

0.220 

8 

X ft 

1 

44.2 

13.00 

80.8 

15.1 

2.49 

2.65 

38.8 

8.9 

1.73 

1.65 

1.28 

0.543 



H 

39.1 

11.48 

72.3 

13.4 

2.51 

2.61 

34.9 

7.9 

1.74 

1.61 

1.28 

0.547 



?4 

33.8 

9.94 

63.4 

11.7 

2..53 

2.56 

30.7 

6.9 

1.76 

1.56 

1.29 

0.651 



H 

28.0 

8.36 

54.1 

9.9 

2.54 

2.52 

26.3 

5.9 

1.77 

1.52 

1.29 

0.554 



® 1 6 

25.7 

7.56 

49.3 

9.0 

2..55 

2.50 

24.0 

5.3 

1.78 

1.50 

1.30 

0.556 



K* 

23.0 

6.75 

44.3 

8.0 

2.56 

2.47 

21.7 

4.8 

1.79 

1.47 

1.30 

0.558 



" i n 

20.2 

5.93 

39.2 

7.1 

2.57 

2.45 

19.3 

4.2 

1.80 

1.45 

1.31 

0.560 

8 

X 4 

1 

37.4 

11.00 

69.6 

14.1 

2.52 

3.05 

11.6 

3.9 

1.03 

1.05 

0.85 

0.247 




33.1 

9.73 

62.5 

12.5 

2.53 

3.00 

10.5 

3.5 

1.04 

1.00 

0.85 

0.253 



n 

28.7 

8.44 

54.9 

10.9 

2.55 

2.95 

9.4 

3.1 

1.05 

0.95 

0.85 

0.258 



H 

24.2 

7.11 

46.9 

9.2 

2..57 

2.91 

8.1 

2.6 

1.07 

0.91 

0.86 

0.262 



9 l 6 

21.9 

6.43 

42.8 

8.4 

2..58 

2.88 

7.4 

2.4 

1.07 

0.88 

0.86 

0.265 



1 ij 

19.6 

5.75 

38.5 

7.5 

2.59 ! 

2.86 

6.7 

2.2 

1.08 

0.86 

0.86 

0.267 



Mo 

17.2 

5.06 

34.1 

6.6 

2.60 

2.83 

6.0 

1.9 

1.09 

0.83 

0.87 

0.269 

7 

X 4 


30.2 

8.86 

42.9 

9.7 

2.20 

2.55 

10.2 

3.5 

1.07 

1.05 

0.86 

0.318 



^4 

26.2 

7.69 

37.8 

8.4 

2.22 

2.51 

9.1 

3.0 

1.09 

1.01 

0.86 

0.324 




22.1 

6.48 

32.4 

7.1 

2.24 

2.46 

7.8 

2.6 

1.10 

0.96 

0.86 

0.329 



Ma 

20.0 

5.87 

29,6 

6.5 

2.24 

2.44 

7.2 

2.4 

1.11 

0.94 

0.87 

0.332 




17.9 

5.25 

26.7 

5.8 

2.25 

2.42 

6.5 

2.1 

1.11 

0.92 

0.87 

0.335 



Mo 

15.8 

4.62 

23.7 

5.1 

2.26 

2.39 

5.8 

1.9 

1.12 

0.89 

0.88 

0.337 



H 

13.6 

3.98 

20.6 

4.4 

2.27 

2.37 

5.1 

1.6 

1.13 

0.87 

0.88 

0.339 

6 

X 4 


27.2 

7.98 

27.7 

7.2 

1.86 

2.12 

9.8 

3.4 

1.11 

1.12 

0.86 

0.421 




23.6 

6.94 

24.5 

6.3 

1.88 

2.08 

8.7 

3.0 

1.12 

1.08 

0.86 

0.428 



H 

20.0 

5.86 

21.1 

5.3 

1.90 

2.03 

7.5 

2.5 

1.13 

1.03 

0.86 

0.435 



Mo 

18.1 

5.31 

19.3 

4.8 

1.90 

2.01 

6.9 

2.3 

1.14 

1.01 

0.87 

0.438 



Vi 

16.2 

4.75 

17.4 

4.3 

1.91 

1.99 

6.3 

2.1 

1.15 

0.99 

0.87 

0.440 



Mo 

14.3 

4.18 

15.5 

3.8 

1.92 

1.96 

5.6 

1.9 

1.16 

0.96 

0.87 

0.443 



H 

12.3 

3.61 

13.5 

3.3 

1.93 

1.94 

4.9 

1.6 

1.17 

0.94 

0.88 

0.446 



Mo 

10.3 

3.03 

11.4 

2.8 

1.94 

1.92 

4.2 

1.4 

1.17 

0.92 

0.88 

0.449 
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TABLE 34 {Continued) 

Angles 

Unequal Legs 

Properties for Designing 




y 

I 

r’ 


i-x 

y 


y Z 


Size 

Thick- 

ness 

Weight 

per 

Foot 


Axis X~X 

Axis Y-Y 

Axis Z-Z 


I 

S 

r 

y 

I 

S 

r 

X 

r 

Tan a 

In. 

In. 

Lb 

In.2 

In.4 

In.3 

In. 

In. 

In.-* 

In.3 

In. 

In. 

In. 

In. 

6 

X 3H 

Pi 

15.3 

4.50 

10.6 

4.2 

1.92 

2.08 

4.3 

1.6 

0.97 

0.83 

0.76 

0.344 



H 

11.7 

3.42 

12.9 

3.2 

1.94 

2.04 

3.3 

1.2 

0.99 

0.79 

0.77 

0.350 



Ma 

9.8 

2.87 

10.9 

2.7 

1.95 

2.01 

2.9 

1.0 

1.00 

0.76 

0.77 

0.352 



H 

7.0 

2.31 

8.9 

2.2 

1.96 

1.99 

2.3 

0.85 

1.01 

0.74 

0.78 

0.355 

5 

X 3H 

n 

19.8 

5.81 

13.9 

4.3 

1..55 

1.75 

5.6 

2.2 

0.98 

1.00 

0.75 

0.464 



H 

16.8 

4.92 

12.0 

3.7 

1.56 

1.70 

4.8 

1.9 

0.99 

0.95 

0.75 

0.472 




13.6 

4.00 

10.0 

3.0 

1.58 

1.66 

4.1 

1.0 

1.01 

0.91 

0.75 

0.479 



Via 

12.0 

3.,53 

8.9 

2.6 

1.59 

1.63 

3.6 

1.4 

1.01 

0.88 

0.76 

0.482 



H 

10.4 

3.05 

7.8 

2.3 

1.60 

1.61 

3.2 

1.2 

1.02 

0.86 

0.76 

0.486 



Via 

8.7 

2.56 

6.6 

1.9 

1.61 

1.59 

2.7 

1.0 

1.03 

0.84 

0.76 

0.489 



V 

7.0 

2.06 

5.4 

1.6 

1.61 

1.56 

2.2 

0.83 

1.04 

0.81 

0.76 

0.492 

5 

X 3 

H 

12.8 

3.75 

9.5 

2.9 

1.59 

1.75 

2.6 

1.1 

0.83 

0.75 

0.65 

0.3.'>7 



Pa 

11.3 

3.31 

8.4 

! 2.6 

1.60 

1.73 

2.3 

1.0 

0.84 

0.73 

0.65 

0.361 



i H 

0.8 

2.86 

7.4 

2.2 

1.61 

1.70 

2.0 

0.89 

0.84 

0.70 

0.65 

0.364 



Ma 

8.2 

2.40 

6.3 

1.9 

1.61 

1.68 

1.8 

0.75 

0.85 

0.68 

0.66 

0.368 



H 

0.6 

1.94 

5.1 

1.5 

1.62 

1.66 

1.4 

0.01 

0.86 

0.66 

0.66 

0.371 

4 

X 3H 

H 

14.7 

4.30 

6.4 

2.4 

1.22 

1.29 

4.5 

1.8 

1.03 

1.04 

0.72 

0.745 




11.9 

3.50 

5.3 

1.9 

1.23 

1.25 

3.8 

1.5 1 

1.04 

1.00 

0.72 

0.750 



Pa 

10.6 

3.09 

4.8 

1.7 

1.24 

1.23 

3.4 

1.4 

1.05 

0.98 

0.72 

0.753 



H 

9.1 

2.67 

4.2 

1.5 

1.25 

1.21 

3.0 

1.2 

1.06 

0.96 

0.73 

0.755 



Pa 

7.7 

2.25 

3.6 

1.3 

1.26 1 

1.18 

2.6 

1.0 

1.07 

0.93 

0.73 

0.757 



H 

6.2 

1.81 

2.9 

1.0 

1.27 i 

1.16 

2.1 

0.81 

1.07 

0.91 

0.73 

0.759 

4 

X 3 

H 

13.6 

3.98 

6.0 

2.3 1 

1.23 

1.37 

2.9 

1.4 

0.85 

0.87 

0.64 

0.534 



Pi 

11.1 

3.25 

5.1 

1.9 

1.25 

1.33 

2.4 

1.1 

0.86 

0.83 

0.64 

0.543 



Pa 

9.8 

2.87 

4.5 

1.7 

1.25 

1.30 

2.2 

1.0 

0.87 

0.80 

0.64 

0.547 



H 

8.5 

2.48 

4.0 

1.5 

1.26 

1.28 

1.9 

0.87 

0.88 

0.78 

0.64 

0.551 



Ma 

7.2 

2.09 

3.4 

1.2 

1.27 

1.26 

1.7 

0.73 

0.89 

0.76 

0.05 

0.554 



H 

5.8 

1.69 

2.8 

1.0 

1.28 

1.24 

1.4 

0.60 

0.90 

0.74 

0.65 

0.558 

3^X3 

H 

10.2 

3.00 

3.6 

1.6 

1.07 

1.13 

2.3 

1.1 

0.88 

0.88 

0.62 

0.714 



Pa 

9.1 

2.65 

3.1 

1.3 

1.08 

1.10 

2.1 

0.98 

0.89 

0.85 

0.62 

0.718 



H 

7.9 

2.30 

2.7 

1.1 

1.09 

1.08 

1.9 

0.85 

0.90 

0.83 

0.62 

0.721 



Ma 

6.6 

1.93 

2.3 

0.95 

1.10 

1.06 

1.6 

0.72 

0.90 

0.81 

0.63 

0.724 



M 

5.4 

1.56 

1.9 

0.78 

1.11 

1.04 

1.3 

0.59 

0.91 

0.79 

0.63 

0.727 
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TABLE 34 {Continued) 

Angles 

Unequal Legs 

Properties for Designing 


Size 

Thick- 

ness 

Weight 

per 

Foot 

Area 

4.xis X~X 

Axis Y Y 

Axis Z-Z 

I 

S 

r 

y 

I 

S 

r 

X 

r 

Tan a 

In. 

In. 

Lb 

In.2 

In.4 

In.3 

In. 

In. 

In.4 

In.3 

In. 

In. 

In. 

In. 

3^2 X 21,2 

H 

9.4 

2.75 

3.2 

1.4 

1.09 

1.20 

1.4 

0.76 

0.70 

0.70 

0.53 

0.48fi 


M* 

8.3 

2.43 

2.9 

1.3 

1.09 

1.18 

1.2 

0.68 

0.71 

0.68 

0.54 

0.491 


H 

7.2 

2.11 

2.6 

1.1 

1.10 

1.16 

1.1 

0..59 

0.72 

0.66 

0.54 

0.496 


1 0 

6.1 

1.78 

2.2 

0.93 

1.11 

1.14 

0.94 

0.50 

0.73 

0.64 

0.54 

0.501 



4.9 

1.44 

1.8 

0.75 

1.12 

1.11 

0.78 

0.41 

0.74 

0.61 

0.54 

0.506 

3 X 2^2 

K 

8.5 

2.50 

2.1 

1.0 

0.91 

1.00 

1.3 

0.74 

0.72 

0.75 

0.52 

0.667 


Ke 

1 7.0 

i 2.21 

1.9 

0.93 

0.92 

0.98 

1.2 

0.66 

0.73 

0.73 

0.52 

0.672 


H 

6.0 

i 1.92 

1.7 

0.81 

0.93 

0.96 

1.0 

0.58 

0.74 

0.71 

0.52 

0.676 


K 6 

5.0 

i 1.62 

1.4 

0.69 

0.94 

0.93 

0.90 

0.49 

0.74 

0.68 

0..53 

0.680 


K 

4.5 

1.31 

1.2 

0.56 

0.95 

0.91 

0.74 

0.40 

0.75 

0.66 

0.53 

0.684 

3 X 2 

H 

7.7 

2.25 

1.9 

1.0 

0.92 

1.08 

0.67 

0.47 

0.55 

0.58 

0.43 

0.414 



6.8 

2.00 

1.7 

0.89 

0.93 

1.06 

0.61 

0.42 

()..55 

0.56 

0.43 

0.421 



5.9 

1.73 

1.5 

0.78 

0.94 

1.04 

0.54 

0.37 

0.56 

0.54 

0.43 

0.428 


•>16 

5.0 

1.47 

1.3 

0.66 

0.95 

1.02 

0.47 

0.32 

0.57 

0.52 

0.43 

0.435 


K» 

4.1 

1.19 

1.1 

0.54 

0.95 

0.99 

0.39 

0.26 

0.57 

0.49 

0.43 

0.440 


Mo 

3.07 

0.90 

0.84 

0.41 

0.97 

0.97 

0.31 

0.20 

0.58 

0.47 

0.44 

0.446 

21^2 X 2 


5.3 

1.55 

0.91 

0.55 

0.77 

0.83 

0.51 

0.36 

0.58 

0.58 

0.42 

0.614 



4.5 

1.31 

0.79 

0.47 

0.78 

0.81 

0.45 

0.31 

0.58 

0.56 

0.42 

0.620 


K 

3.02 

1.06 

0.05 

0.38 

0.78 

0.79 

0.37 

0.25 

0.59 

0.54 

0^2 

0.626 


Mo 

2.75 

0.81 

0.51 

0.29 

0.79 

0.76 

0.29 

0.20 

0.60 

0.51 

0.43 

0.631 

2H X IK* 

H 

4.7 

1.36 

0.82 

0.52 

0.78 

0.92 

0.22 

0.20 

0.40 

0.42 

0.32 

0.340 


Mo 

3.92 

1.15 

0.71 

0.44 

0.79 

0.90 

0.19 

0.17 

0.41 

0.40 

0.32 

0.349 


K 

3.19 

0.94 

0..59 

0..36 

0.79 

0.88 

0.16 

0.14 

0.41 

0.38 

0.32 

0.357 


Mo 

2.44 

0.72 

0.46 

0.28 

0.80 

0.85 

0.13 

0.11 

0.42 

0.35 

0.33 

0.364 

2 XIH 

K 

2.77 

0.81 

0.32 

0.24 

0.62 

0.66 

0.15 

0.14 

0.43 

0.41 

0.32 

0.543 


Mo 

2.12 

0.62 

0.25 

0.18 

0.63 

0.64 

0.12 

0.11 

0.44 

0.39 

0.32 

0.551 


K 

1.44 

0.42 

0.17 

0.13 

0.64 

0.62 

0.09 

0.08 

0.45 

0.37 

0.33 

0.558 

m X IK 

H 

2.34 

0.69 

0.20 

0.18 

0.54 

0.60 

0.09 

0.10 

0.35 

0.35 

0.27 

0.486 


Mo 

1.80 

0.53 

0.16 

0.14 

0.55 

0.58 

0.07 

0.08 

0.36 

0.33 

0.27 

0.496 


K 

1.23 

0.36 

0.11 

0.09 

0.56 

0.56 

0.05 

0.05 

0.37 

0.31 

0.27 

0.506 



Reprinted from **Steel Construction/' by courtly of the American Institute of Steel Construction. 
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TABLE 35 

Properties of Stran-Steel Members 


Properties 

of 

Member 

Overall 

Dimension 

Nom- 

inal 

Gage 

Num- 

ber 

Metal 

Thick- 

ness 

Area 

of 

Sec- 

tion 

Weight 

per 

Foot 

About Major Axis 

About Minor Axis 

D 

S 

B 

B 

1 

S 

r 

X 

fi-in. joist 

2X6 

14 

0.0781 

0.982 

3.339 


1.618 


B 

0.1147 

0.1122 

0.338 



2X6 

16 

0.0625 


2.696 

3.928 

1.309 

2.228 


0.0916 

0.0895 

0.336 


S-in. joist 

2X8 

12 


1.573 

5.327 

14.0 

3.50 

2.970 


0.163 

0.160 

0.320 



2X8 

14 


1.140 

3.870 

10.178 

2.545 

2.984 


0.113 

0.112 

0.315 



2X8 

16 

0.0625 

0.918 

3.121 

8.219 

2.055 

2.992 


0.090 

0.089 

0.313 


^'in. joist 

2X9 

12 

0.1094 

1.729 

5.878 

18.845 

4.188 

3.301 


0.162 

0.152 

0.306 



2X9 

14 


1.218 

4.135 

13.620 

3.027 

3.341 


0.118 

0.117 

0.308 



2X9 

16 


0.681 

3.333 

10.992 

2.443 

3.348 


0.093 

0.093 

0.306 


1 














stud 

2X3H 

16 



2.244 

1.163 

0.641 

1.327 


0.090 

0.086 

0.368 


2M«-in. 










1 




stud 

2 X 2Ms 

16 

0.0625 


1.700 

0.393 

0.340 

0.886 


0.060 

0.085 

0.423 


Half stud 

2XUHs 

16 

0.0625 

0.313 

1.062 

0.098 

0.089 

0.561 

0.589 

0.045 

0.043 

0.378 


Standard 














channel 














plate 

X m 

16 



1.461 

0.842 

0.442 

1.504 


0.080 

0.063 

0.465 

0.343 

Narrow 














channel 














plate 

2V^ Xm 

16 

0.0625 


1.182 

0.309 

0.247 

1.030 


0.070 

0.059 

0.491 

0.431 


TABLE 36 

Tensile Requirements 


Properties 

Considered 

Plain Bars 

Deformed Bars 

Cold- 

Twisted 

Bars 

Struc- 

tural-Steel 

Grade 

Inter- 

mediate 

Grade 

Hard 

Grade 

Struc- 

tural-Steel 

1 Grade 

Inter- 

mediate 

Grade 

Hard 

Grade 

Tensile strength, 
psi 

55,000 to 
75,000 

70,000 to 
90,000 

80,000 

min 

1 

55,000 to 
75,000 

70,000 to 
90,000 

80,000 

min 

Recorded 

only 

Yield point, min, 
psi 

33,000 

40,000 

50,000 

33,000 

40,000 

50,000 

65,000 

Elongation in 8 in., 
min percentage 

1,400,000 

1,300,000 

1,200,000 

1,250,000 

1,125,000 

1,000,000 

5 

Tens. str. 
but not 
less than 
20% 

Tens. str. 
but not less 
than 16% 

Tens. str. 

Tens. str. 
but not 
less than 
20% 

Tens. str. 
but not less 
than 14% 

Tens. str. 


From “Standard Specifications for Biilet-Steei Ckincrete Reinforcement Bars,” ASTM Designation 
A lfi-39. 

















APPENDIX 


409 


TABLE 37 

Bend-Test Requibements 



Plain Bars 

Deformed Bars 

Cold- 

I’wisted 

Bars 

Thickness or 
Diameter of Bar 

Struc- 

tural-Steel 

Grade 

Inter- 

mediate 

Grade 

Hard 

Grade 

Struc- 

tural-Steel 

Grade 

Inter- 

mediate 

Grade 

Hard 

Grade 

Under % in. 

180 deg. 
d - t 

180 deg. 
d = 

180 deg. 
d = 3t 

180 deg. 
d = t 

180 deg. 
d^^t 

180 deg. 
d ^ At 

180 deg. 
d - 2< 

54 in. or over 

180 deg. 
d - t 

90 deg. 
d - 2< 

90 deg. 
d = 3< 

180 deg. 
d » 2« 

90 deg. 
d 

90 deg. 
d - 4t 

180 deg. 
d = 3e 


Explanatory note, d *« the diameter of pin about which the specimen is bent. 

t *■ the thickness or diameter of the specimen. 

From “Standard Specifications for Billet-Steel Concrete Reinforcement Bars,” ASTM Designation 
A 15-39. 


TABLE 38 

Reinforcing Steel Bars 


Size* 

Shape of Section 

Area (sq in.) 

1 

Perimeter (in.) 

Weight per foot 
(lb) 

% 

Round 

0.11 

1.178 

0.376 


Round 

0.20 

1.571 

0.668 


Square 

0.25 

2.000 

0.850 

% 

Round 

0.31 

1.963 

1.043 

% 

Round 

0.44 

2.356 

1.502 

% 

Round 

0.60 

2.749 

2.044 

1 

Round 

0.79 

3.142 

2.670 

1 

Square 

1.00 

4.000 

3.400 

iH 

Square 

1.27 

4.500 

4.303 


Square 

1.56 

5.000 

5.313 


Diameter or side in inches. 
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TABLE 39 


Allowable Unit Stresses in Concrete * 





Allowable Unit Stresses 


Description 


For any 
strength of 
concrete 
as fixed by 
test 
30,000 

J c 

When strength of concrete is fixed by the 
water-content 


f'c “ 

2,000#/in2 

n = 15 

f'e « 
2,500 i»/in2 
» - 12 

f'e “ 
3,000#/in2 
n - 10 

f'e « 
3,750#/m2 
n - 8 

Flexure: fc 

Extreme fiber stress in com- 
pression 

fc 

0.45rc 

900 

1,125 

1,350 

1,688 

Shear: v 

Beams with no web reinforce- 
mentand without special an- 
chorage of longitudinal steel 

Vc 

0.02/'c 

40 

50 

60 

75 

Beams with no web reinforce- 
ment but with special an- 
chorage of longitudinal steel 

Vc 

0. 03/^0 

60 

75 

90 

113 

Beams with properly designed 
web reinforcement but with- 
out special anchorage of 
longitudinal steel 

V 

0.06/'c 

120 

150 

180 

225 

Beams with properly designed 
web reinforcement and 
with special anchorage of 
longitudinal steel 

V 

0.12/'c 

240 

300 

360 

450 

Flat slabs at distance d from 
edge of column capital or 
drop panel 

Vc 

0.03/'<. 

60 

75 

90 

113 

Footings 

Vc 

0.03/V 

60 

75 

75 

75 

Bond u 

In beams and slabs and one- 
way footings: 

Plain bars 

u 

but not 
to exceed 
75#/in2 

0.04/'c 

80 

100 

120 

150 

Deformed bars 

u 

but not 
to excee<i 
160#/in2 

o.or,/'c 

100 

125 

150 

188 

In two-way footings: 

Plain bars (hooked) 

u 

but not 
to exceed 
200#/in2 

0.045/'c 

90 

113 

1 

135 

160 

Deformed bars (hooked) . . . 

u 

but not 
to exceed 
160#/in2 

0.056/ c 

112 

140 

168 

200 

Bearing: /<• 

On full area 

fc 

but not 
to exceed 
200#/in2 

0.25/'c 

600 

1 

625 

760 

938 

On one-third area or less t . . . . 

fc 

0.376/'c 

750 

038 

1,125 

1,405 


♦ Taken by permission from “Building Regulations for lieinforced Concrete,” published by 
the American Concrete Institute. 

t Where special anchorage is provided, one and one-half times these values in bond may be 
used in beams, slabs and one-way footings, but in no case to exceed 200|/in* for plain bars 
and 250#/in2 for deformed bars. The values given for two-way footings include an allowance 
for special anchorage. 

X The allowable bearing stress on an area greater than one-third but less than the full area 
shall be interpolated between the values given. 
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K4+‘)’ 


TABLE 40 

Reinforced Concrete Beams 
Design Constants for Rectangular Beams 

k 


; i = 1 - H*; K = = uvi or 




f, = 18,000 

- 20,000 

n 

fc 

V 

k 

j 

K 

V 

k 

j 

K 




0.368 


212 


0.345 

0.885 

182 

8 

1500 


0.400 

0.867 

261 


0.375 

0.875 

246 


1688 

0.0201 

0.428 

0.857 

311 



0.866 

294 


n 

0.0108 

0.368 

wm 

170 

0.0090 


0.885 

160 

10 


0.0133 

0.400 


208 

0.0113 

0.375 

0.875 

197 


H 

0.0161 

0.428 


248 

0.0136 



236 


875 

0.0089 

0,368 

0.877 

140 

0.0076 

0.345 

0.885 

134 

12 

1000 

0.0111 

0.400 

0.867 

173 

0.0094 

0.375 

0.875 

164 


1125 

0.0133 

0.428 

0,857 

206 

0.0113 

0.403 

0.866 

194 



n 

0.368 

n 

113 


0.345 

0.885 

107 

15 





139 


0.375 

0.875 

131 



0.0107 

0.428 

0.857 

165 


0.403 


157 
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Design Chart VII for Analysis of Rectangular Reinforced Concrete Beams; n — 15. 
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INDEX 


Aggregate, 322 

Allowable unit stresses, for light-gage 
steel, 308 

for reinforced concrete, 410 
for reinforcing steel, 327 
for timber construction, 388 
American Association of State Highway 
Officials, specifications for live loads 
for highway bridges, 15 
American Concrete Institute, building 
regulations, for allowable unit 
stress in reinforcement, 327 
for columns spirally reinforced, 356 
for design of web reinforcement, 339 
for tied (;olumns, 357 
American Iron and Steel Institute, speci- 
fications, for columns and compres- 
sion members formed of light-gage 
steel, 317 

for crippling of flat webs, 311 
for effective design width, beam 
flanges, 309 

for lateral unsupported flanges, 311 
for light-gage steel construction, 309 
American Railway Engineering Associa- 
tion, specifications, for dynamic 
effects of live load, 23 
for live loads on railway bridges, 
18 

American Society for Testing Materials, 
specifications for light-gage steel 
quality, 295 

American standard beam sections, 401 
American Standards Association, mini- 
mum design loads, 13 
recommended wind pressures, 21 
American Welding Society, allowable 
unit stress on welds, 385 
weld dimensions, 207 
welding symbols, 208 
Angle of repose, 27 
Angles, rolled-steel, 403 
Arc welding, 206 


Batten plate, 253 
Battc r piles, 175 
Bay, 111 
Beams, 2 

deflection by area-moment, 86 
fixed at supports, 89 
fixed end moments, 90 
Beams and stringers, wood construction, 
standard sizt5S, 387 

Bending and direct stress on steel mem- 
bers, 256 

Bemding-moment, 61 
diagram for, 62 

due to concentrated load system, 73 
due to fixed loads, 61 
influence line for, 68 
Billet steel, 326 
Board measure, 221 
Boat spike, 189 

Bolt heads and nuts, dimensions, 374 
Bolt threads, dimensions, 376 
Bolted joints in timber construction, 
basic stresses on timber, 377, 379 
Bolts, 193 

allowable load on unfinished, 382 
in timber structures, safe loads, 194 
Bond stress on reinforcement, 335 
Bottom chord, 108 
Bridge, 2 

Bryan-Timoshenko formula, 298 
Built-up timber beams and girders, 228 
Bureau of Standards, wind pressures on 
structures, 19 

Cantilever- type retaining wall, 181 
Carry-over moment, 91 
Centroids of areas, graphical determina- 
tion, 42 

Channels, properties of rolled steel, 402 
Chord of truss, 108 

Clapcyron, theorem of three moments, 97 
Coefficients for dead-load stress in 
parallel-chord trusses, 142 


415 



416 


INDEX 


Columns, 4 

axial load on timber, 231 
light-gage steel, 316 
reinforced concrete, 350 
structural steel, 246 
Combined stresses in roof truss, 127 
Compression member, 4 
Concentrated load, 9 
Concentrated load sysU;ms, absolute 
maximum bending-moment, 75 
maximum bending-moment, 73 
maximum shear, 68 
Concrete, physical properties of, 321 
Continuous beams, 85 
bending-moments, 94 
reactions, 99 

vertical displacement of supports, 101 
Conventional live load, 9 
Cooper’s loading for railway bridges, 17 
Counterforts type retaining wall, 181 
Counters, 157 

stress determination, 158 
Couples, 32 

combined with loads, 87 
conventional signs for, 87 
Criterion for placing live loading, to pro- 
duce maximum bending-moment, 
73, 75 

to produce maximum shear, 68, 70 
Critical load, light-gage elemcjrits, 297 
Critical stn‘ss for thin steel plates in 
compression, 304 

Cylindrical roof surfaces, wind pressures, 
22 

Dams, masonry, 182 
Dead load, 8 
Deck bridge, 113 
Deflection of trusses, 159 
Diagonal tension in reinforced concrete 
beams, 337 
Distributed load, 9 
Distributed loads, graphics of, 40 
Drift pin, 189 

Duchemin’s formula for wdnd pressure, 
18 

Dynamic effect of live load, 23 

Earth, pressure of, 28 
weight of, 9 


Earthquake shock, 25 
Eccentric loads on steel columns, 256 
Eccentric riveted connections, 201 
Effective depth of plate girders, 279 
Effective design width for light-gage steel 
beams, 309 

Effective yield stress, 316 
Elastic behavior of simply supported 
beams, 85 

Elastic stability, 297 
Electrodes, properties of, 384 
Equilibrium polygon, 34 
through three pxjints, 39 
through two points, 36 
Euler formula for columns, 233 
External fon^es, 8 
Eye-bar, 4 

Field rivets, 197 
Fink roof truss, 109 

graphical stress analysis, 124 
Fixed beam, 85 
end moments, 90 
Floor beam, 2 
Floor loads in buildings, 10 
Footing, simple spread, 171 

pressure distribution under, 172 
Force and equilibrium polygons, 34 
Forest Produ(rts Laboratory, basic W'ork- 
ing stresses for calculating bolted 
joints, 377 

Form factor for sections in compression, 
306 

Gages for angles, 200 
Girder, 2 

Gravies and sizes of timber, 218 
Graphical representation of force, 32 
Gravity retaining wall, 178 
Gusset plate, 4 

Highway bridge loads, 15 
Hinged support, 49 
Howe truss, 109 

Hutton’s formula for wind pressure, 18 
Impact, 23 

Inclined chord truss, concentrated load 
systems, 156 
dead-load stresses, 144 
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Inclined chord truss, dimension deter- 
minations, 144 
influence lines, 155 
uniform live load, 154 
Influence line, 59 
for bending-moment, 68 
for reactions, 59 
for shear, 65 
Internal forces, 60 

Joint loads, 110 
Joist, 2 

Joist and plank, standard sizes, 387 
Kip, 55 

Lacing for steel columns, 253 
Lag screw, 189 
dimension and weights, 367 
Lane loading for highway bridges, 15 
Lateral pressure, in high l)ins, 29 
on walls, 26 

Light-gage steel beams, 310 
Light-gage steel columns, 311 
Light-gage steel construction, 294 
Live loads, 8 

for floors of buildings, 10, 11 
for highway bridges, 15 
for railway bridges, 17 
for roofs, 12 
for sidewalks, 1 1 
Lumber, 218 
standard sizes, 386 

Masonry dams, 182 
Mill bent, 129 
fixed column bases, 133 
hinged column bases, 129 
Moment distribution at a joint, 92 
Moment of inertia, graphical determina- 
tion, 42 

Moment table Cooper’s E60, 366 

Nails, 188 
dimensions of, 367 

National Board of Fire Underwriters, 
specifications for roof loads, 15 
Net section of steel tension members, 244 
Normal thrust, 61 

Panel load, 116 

Parallel chord truss, chord stresses, 137 


Parallel chord truss, concentrated load 
systems, 153 

dead-load stress coeflficients, 142 
dead-load strescst .., 136 
influence lines for, 149 
live-load stresses, 147 
stress, in diagonals, 138 
in verticals, 141 
uniform live loading, 148 
Pile foundations, 175 
Piling, 175 
Pins, 202 
Plate girder, 270 
design procedure, 277 
riveting, 275 
web stiffeners, 272 

Posts and timbers, standard sizes, 387 
Pratt truss, 109 
Primary stress, 109 
Purlin, 110 

Rafter, 2 

Railway bridge loading, 17 
Rankine theory for lateral pressure, 27 
Reaction, 9 
characUjr of, 49 
determined analytically, 53 
determined graphically, 51 
due to live loads, 59 
for continuous beams, 99 
for fixed loads, 54 
for three-hinged arch, 56 
influence line for, 59 
Reduction of live loads, 13 
Reinforced concrete, allowable unit 
stresses, 410 

Reinforced concrete beams, bond stress, 
335 

design charts, 412, 413 
design constants, 411 
design of rectangular sections, 339 
shear and diagonal tension, 337 
theory of flexure, 330 
transformed section, 332 
Reinforced concrete columns, 350 
Reinforced concrete retaining walls, 181 
Reinforced concrete slabs, 343 
Reinforced concrete T-beams, 346 
Reinforcing steel, allow^able unit stress, 
327 
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INDEX 


Reinforcing steel, bend test require- 
ments, 409 

dimensions of bars, 409 
properties of, 326 
tensile requirements, 408 
Relative stiffness, 91 
Resolution of a force, 32 
Restrained beam, 85 
Restrained support, 49 
Retaining walls for earth, 177 
Rigid frame, 5 
Rivets, dimensions of, 380 
allowable working values, 381 
conventional symbols for, 201 
erection clearances, 383 
gage lines for, in angles, 200 
safe load on, 198 
size of hole for, 197 
structural, 197 

Rolled-steel beams, American standard, 
401 

beam selection, 263 
safe loads, 259 
wide flange sections, 394 
with flange plates, 267 
Rolled-steel structural sections, 243 
Roof loads, 13 

Roof truss, dead-load stresses determined 
graphically, 122 
live-load stresses, 125 

Screw threads, dimensions, 375 
Screws, 188 

Secant formula for columns, 248 
Secondary stress, 109 
Settlement of continuous beam supix)rts, 
101 

Shear, and diagonal tension, 337 
due to fixed loads, 61 
due to moving live loads, 68 
Shear diagram, 62 
Shop rivets, 197 
Simple support, 49 
Slab, 3 

Slabs, solid reinforced concrete, 343 
Slenderness ratio, 231 
Snow loads, 14 

Spirally reinforced concrete columns, 353 
design of, 357 
Split-ring data, 368-373 


Split-ring timber connector, 192 
Stability of retaining walls, 177 
Stanchion, 4 

Statically determinate structures, 5 
Statically indeterminate structures, 7 
Steel columns, design and selection, 254 
eccentric loads on, 256 
safe axial loading, 246 
secant formula, 248 
shear in built-up, 253 
Steel, physical and chemical properties 
of, 239, 393 

Stiffened elements of thin steel members, 
299 

Stran-Stecl sections, 294 
properties of, 408 
Stress analysis, 1 
Stresses in truss members, 120 
Stress-grade lumber, allowable unit 
stress, 388 
Stringer, 2 

Strip steel, properties of, 294 
Structural steel rolled sections, American 
standard beams, 401 
American standard channels, 402 
angles, equal leg, 403 
unequal leg, 405 
junior channels, 400 
miscellaneous shapes, 400 
wide flange shapes, 394 
Structural steel tension members, 244 
net section of, 245 

Structural timbers, standard sizes, 387 
Structure, 2 
Strut, 4 

Symbols to indicate kind of stress, 121 

Teco connectors, claw-plate connector, 
193 

spike-grid, 192 
split-ring, 192 
toothed-ring, 189 
Tension member, 3 
Theorem of three moments, 97 
Thin plates in compression, 298 
Through bridge, 113 
Tied columns, reinforced concrete, 356 
Timber beams and stringers, standard 
sizes, 387 

Timber columns, allowable unit stress, 392 
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Timber columns, axial loads, 231 
bending and direct stress, 233 
tension members, 234 
trusses, 234 

Timber, grades and sizes, 218 
structural, standard sizes of, 387, 391 
working stresses for, ?‘22 
Top chord, 108 

Transformed section of reinforced con- 
crete beams, 332 
Transverse shear, 61 
Truck loading for highway bridges, 15 
Truss, 4 

forms of, 108 

Truas leaction, determination of, 119 
Trussed timber beams, 230 

Ultimate compressive load for thin sUh*1 
members, 302 

Uniformly distributed load, 9 
Unit stress(^s, allowable on stress-grade 
lumber, 388 


Vertical displacement of supports of con- 
tinuous beams, 101 
Voussoir arches, 183 

Web members, 108 
Weight, of construction, 9 
of construction materials, 365 
of trusses, 10 

Welding electrodes, properties of, 384 
W( ids, allowable working stresses, 385 
description and classification of, 206 
permissible unit stress on, 211 
symbols used to indicate, 208 
Wide flange beams, properties of, 394 
W'ind forces, 18 

Wood beams and joists, calculations for, 
223 

Woc^d members, standard sizes, 391 
Working stresses for structural timbers, 
222 

Yard lumber, standard sizes, 386 



CENTRAL UERARY 

BIRLA INSTITUTE OF TECHNOLOGY AND SCIENCE 
RILANI ( Rajaaliiaii ) 

OfM No Book No 

Acc. No 

■. Students/Spl/'C’ Teachers — *A' 

Duration / Text Books — 3 days 

of f Technical Books — 7 days One month 

Loan 7 General Books — 14 days 


FROM THE DATE OF ISSUE 





